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An experiment that looked for the oscillation v,.. => v. was performed using a narrow 
band v,.. beam produced by the AGS at Brookhaven National Lab. Both the v, and Ve 
reactions in our detector are analyzed. The number of v, events found in the detector 
is compared to the expected background from Monte Carlo calculations and an excess 
of 22.4±5.6± !:: events above background is found. The excess represents a 3 standard 
deviation effect and may suggest a neutrino oscillation. 
The ratio of the acceptance corrected number of Ve and v, events is calculated from 
the data. The value is R. = .!!&. = 0.0184 ± .0085. v,. 
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Chapter 1 
Introduction 
It was the best of times. It was the worst of times. 
In 1962 an experiment performed at Brookhaven National Lab first established that 
the electron neutrino and the muon neutrino were two distinct particles. A beam of 
neutrinos incident on a detector produced reactions only involving muons. No electron 
reactions were observed[!]. 
A 1967 experiment in a South Dakota goldmine was designed to measure electron 
neutrino flux from the sun but instead its results indicated a problem with neutrino 
theory[2]. The Solar Model predicted that the experiment should have observed a 
factor of three times more neutrino reactions than were actually seen. Was the So-
lar Model wrong or the experiment flawed? One possible explanation was neutrino 
oscillation. The Ve 's created in the sun may oscillate into other flavor states as they 
travel toward the earth. Since the goldmine experiment was insensitive to the other 
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flavor states they would go undetected. Many experiments have attempted to observe 
neutrino oscillations since they were first hypothesized. 
A neutrino oscillation experiment can be performed at either a reactor or a high 
energy accelerator. Oscillation experiments have been done at research and commercial 
reactors in the United States and Europe. High energy accelerator neutrino oscillation 
experiments have been performed at CERN, FNAL and BNL. The disappearance 
experiment, v, => V:ra is the type done at a nuclear reactor. A detector is placed near 
the reactor core and the Pe rate is measured. The number of De events is compared 
to a calculated rate or measured at two different distances from the reactor core. A 
diminished De rate is the oscillation signal. 
At an accelerator one can do either a disappearance experiment like v11 => Ll:u or an 
appearance experiment such as v11 => v,. The accelerator disappearance experiment is 
similar to the reactor experiment. One places a neutrino detector in the v11 beam and 
measures the v11 flux. The measured flux can then be compared to a calculated flux. 
The flux can also be measured with two detectors at two distances from the target 
and the two v11 rates compared. In an appearance experiment one looks for a specific 
oscillation channel. The oscillation v11 => Lie is a typical example. A detector is placed 
in a v11 beam and both the v11 and Lie rates are measured. An oscillation signal is a Lie 
rate above the expected background. This experiment is the one our group performed. 
In the fall of 1982 a collaboration of the University of Illinois, Columbia University 
and Johns Hopkins University began construction of an experiment that eventually ran 
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in the neutrino beam at Brookhaven National Laboratory. The experiment contains 
many features that aide us in detecting the neutrino oscillation. The detector is in two 
parts, a forward electron calorimeter with a muon spectrometer directly behind. The 
calorimeter is a 250 ton mixture of drift tubes, scintillator and cement absorber. It 
provides a massive target for neutrino interactions. The full dimensions of the detector 
are 18' x 18' x 421 which allows for good muon containment. Each wire in the electron 
calorimeter is readout through a flash ADC which gives pulse area and pulse shape 
information that is used for electron identification and background rejection. The 
placement of the detector 1000 meters from the target allows the v,..'s time to oscillate. 
Our beam is a narrow band v"' beam containing a small Lie background. The beam 
behavior is modeled and well understood. 
A prototype detector was tested in a SLAC electron test beam in the late fall of 
1982 and the early spring of 1983. After a promising test run, the construction of 
our detector began at Brookhaven National Lab in July 1983. The majority of the 
detector construction was completed by the time we started taking data in November 
1984. We ran from November 1984 to February 1985 with disastrous results. Because 
of repeated failure of the horn-coax system very little data was taken. Finally our 
tungsten-rhenium target disintegrated in February and the data run mercifully came 
to an end. The horn-coax system was repaired and improved with small design changes 
and the target material was changed to copper. Data taking started again in the 
summer of 1985, continued through the fall and resulted in two successful data runs. 
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Approximately 2/3 of the data was taken with the narrow band beam spectrum peaked 
at 1.3 GeV and the other 1/3 with the spectrum peaked at 1.5 GeV. In the spring 
of 1986 a scaled down version of the electron calorimeter was built to be used as a 
test detector. The test detector was placed in an electron beam at BNL and data 
was taken throughout June 1986. The data from the summer and fall 1985 runs has 
been analyzed along with the data from the summer 1986 test run. The results are 
presented in this thesis. 
Chapter 2 
Theory 
Hangup philosophy, unless philosophy can make a Juliet 
2.1 Theoretical Motivation for Neutrino 
Oscillations 
Neutrinos are presently accepted to be massless leptons that come in three flavors v,, 
v~J, v" which are the eigenstates of the weak interaction. Their interactions conserve 
lepton number, which means: 
v~Jn => p.-p 
but not v~Jn => e-p 
or p. => e'Y 
5 
(2.1) 
(2.2) 
(2.3) 
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The massless neutrino can have just one helicity state, so all v's are lefthanded and 
all v's are righthanded. 
For neutrinos to oscillate one requires that at least two types of neutrinos have 
non-degenerate masses, and individual lepton number conservation is violated[3]. The 
most commonly hypothesized oscillation is the neutrino flavor oscillation in which a v 
in one weak flavor eigenstate oscillates into a v of another eigenstate. For example: 
Lie => Ll"'' Ll,. (2.4) 
In the case of the flavor oscillation the weak interaction v eigenstates and the time 
evolution v eigenstates are not the same. Our experiment looks for the flavor oscillation 
v"' => v •. All neutrino appearance oscillation experiments look for flavor oscillations. 
The other types of oscillations that have been theorized are Liz => nz where nz is a 
neutral lepton that is possibly non-we3.kly interacting[4], Liz => LIH where LIH is a heavy 
neutrino with mass> lOOKeV, and Liz =>. 17z. Indication for all three of these types of 
oscillations together with the flavor oscillation can be observed in neutrino disappear-
ance experiments. However, contributions from the individual oscillation modes can't 
be distinguished with that type of experiment. Carefully designed neutrino appearance 
experiments can search for the Liz => LIH and Liz => 17z oscillations. 
Neutrino oscillations are considered a serious possibility because particle theory has 
cast doubts on both lepton number conservation and massless neutrinos[S]. Lepton 
and baryon number conservation laws are no longer thought to be fundamental by 
theorists working on Grand Unified Theories[6]. In order to unify the electroweak 
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force with the strong force these conservation laws must be violated at some level. 
Though there is presently no indisputable experimental evidence for massive neu-
trinos, there is also no compelling theoretical reason for neutrinos with a mass of zero. 
In the standard electroweak theory the Yukawa-type couplings to the Higgs field that 
give rise to the charge lepton masses can also give mass to the neutrino[7]. Once neu-
trinos have mass they are allowed to mix or oscillate in a manner analogous to quark 
mixing. Similarities between quark and lepton mixing matrices is desired by Grand 
Unified Theories in which quarks and leptons become indistinguishable at very high 
energies. 
2.2 Two Flavor Mixing 
A good way to understand neutrino oscillation theory is to consider an oscillation 
between two flavor states, v,. and l/11 [8]. The lepton mass term in the electroweak 
lagrangian is of the form: 
.C • = g' IP :ij.np (2.5) 
I{) is the scalar Higgs field and t/J is the lepton field. Then I{) is defined as: 
(2.6) 
1J is a constant and a is a scalar field. The lagrangian for the 2 lepton flavors can be 
written 
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g's and h's are constants. The g71 and h77 terms are particle masses. By changing the 
notation equation 2. 7 can be rewritten. 
I = ( : ) v, = ( ::) (2.8) 
M, = ( 11gu 0 ) _ ( me 0 ) 
0 11~2 0 m~ 
(2.9) 
Then 
M. = ( :::: ::::) - ( :.~~. ::·) (2.10) 
and 
(2.11) 
M, can be diagonalized to a basis where Zit and v2 are the eigenvectors. 
( 
mt 0 ) M' = 
"' 0 m2 
(2.12) 
Then 
(2.13) 
(2.14) 
(2.15) 
Now Lit and Zit can be identified with the eigenstates of time development, while Lie 
and v~ are identified with the weak interaction eigenstates. 
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The eigenvectors lvt}, lv2) and lve}, lv,) are related in simple 2 state mixing by the 
transformation 
( 
Lie ) = ( co~ fJ sin fJ ) ( Lit ) 
v, - sm fJ cos fJ 1.12 
(2.16) 
The eigenvectors lv1},lv2} are admixtures of lve),lv,). The time dependent form of the 
Lie wavefunction can be written 
(2.17) 
The reason one needs non-degenerate v masses for an oscillation is apparent from 
equation 2.17. If v1 and v2 have different masses then as 1.11 travels one mass eigenstate 
starts to out distance the other, and the Lie evolves into a mixture of both Lie and v,. 
The 2 state mixing formula can be used to calculate the probability that v, will 
oscillate into Lie· 
(2.18) 
Starting from equation 2.17 we can make the approximation 
(2.19) 
and find 
(2.20) 
Then we can calculate 
(2.21) 
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where 
.6.m2 = m~ - m~ then, (2.22) 
t = L/v = LE fpc and p- E (2.23) 
Substituting into equation 2.21 we obtain 
(2.24) 
This can be rewritten 
(2.25) 
where Lis the detector distance from the source in meters and E is the v beam energy 
in MeV. Equation 2.25 is the neutrino oscillation expression most commonly seen. 
2.3 Experimental Implications of Theory 
By studying equation 2.25 important features of a neutrino oscillation experiment 
can be discovered. An oscillation experiment can measure the mass difference(.6.m2) 
between v1 and v2 , but it can't measure their individual masses. In addition, an 
oscillation experiment can't decouple .6.m2 from sin2 20 unless it is performed at 2 
different energies, or 2 distances from the source. For cases of low .6.m2 [9] 
so 
.6.m2 = o.s(E/L)VP 
sin2 20 
where P = P(va ---+- vp) 
(2.26) 
(2.27) 
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For large ~m2 the sin2(1.27L/E) term averages to 1/2 due to the Vt, v2 momentum 
spread that smears the oscillation after a few oscillation lengths. In this case 
sin2 20 = 2P (2.28) 
In order to do an experiment that is sensitive to low sin2 20, equation 2.28 tells us 
that one needs a large signal to noise ratio and low systematic errors. To measure 
P(va --+ vp) to low sin2 20 values one needs a large Va flux, a low vp background, and 
also a good understanding of that background. Most particle accelerator experiments 
have these characteristics, and can search for v oscillations in lower sin2 20 regions 
than reactor experiments. An accelerator v beam is understood better and modeled 
more easily than the v flux in a reactor experiment. 
As is apparent from equation 2.27 an experiment with larger 1/E value can look for 
the oscillation in regions of smaller ~m2 • This is best done at a nuclear reactor. The 
energy range of neutrinos coming from nuclear reactors is 0-8 MeV, while the neutrino 
energies at an accelerator vary from -1 Ge V at BN1 to -40 Ge V in the Fermilab 
narrow band beam. Even though focused v beams at accelerators allow v oscillation 
detectors to be placed as far as 1000 meters from the target, this advantage can't 
overcome the 3 orders of magnitude energy advantage of v oscillation experiments at 
nuclear reactors. It should be pointed out that if the ~m2 of the neutrinos is extremely 
small, the only way to discover the oscillation is through solar neutrino experiments 
which have 1/E -1011 • 
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2.4 Three Flavor Mixing 
The 2 flavor oscillation can be generalized into the 3 flavor oscillation with the use of 
the Kobayashi-Maskawa matrix[lO). The K-M matrix relates the 3 weak eigenstates 
v, Cl 8tC3 StSs Vt 
v" - -8tC2 
·s CtC2Cs + 8283e' c 1c283 - s2c3e iS 1/2 (2.29) 
v,. -8182 c 18 2c3 - c 28 3 e 
iS ·s C18 28 3 + C2c3e' Vs 
where c 1 = cos IJ;, 8 1 = sin IJ; and o is a phase causing CP violations. The v flavor 
mixing matrix has the identical form of the quark mixing matrix, but of course the 
IJ;'s and o in the 2 matrices may have no relation to one another. The time dependent 
wavefunction for the v, state assuming 3 flavor mixing is 
(2.30) 
The oscillation probability is quite a bit more complicated for 3 flavor oscillations. 
The formulas associated with 2 flavor mixing are used to analyze our data. 
Chapter 3 
The Detector 
The play's the thing wherein I'll catch the conscience of the King 
3.1 Detector Overview 
The detector used in our experiment is a 18' x 18' x 27' electron calorimeter followed by 
an octagonal, 12' long, magnetic muon spectrometer. The detector is centered on the 
neutrino beam and located 1000 meters from the target(fig. 3.1). Signal cables run 
from the detector to trailers next door that contain our digitizing electronics, and the 
computer for our data acquisition system. Two feet upstream of the calorimeter is a 2" 
thick wall of lead that completely covers the front of the detector. Just outside of the 
detector building, and approximately 12' upstream from the front of the detector, is a 
30' wide by 34' high wall of shielding concrete that varies in thickness from 6' at the 
base to 3' at the top. The cement wall is design to eliminate the neutron background 
13 
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Figure 3.1: Layout of E776 experimental area. 
CHAPTER 3. THE DETECTOR 15 
while the lead wall exists to cut down on "Y's in the detector. 
The electron calorimeter consists of 90 planes of aluminum proportional drift 
tubes(PDT's) interleaved with 10 scintillator planes(fig. 3.2). Ten drift tube planes 
are sandwiched between two scintillator planes to form a section of the electron detec-
tor. Each drift tube plane contains 16 aluminum chambers placed side by side. The 
plane's orientations are alternated between horizontal and vertical to give both an X 
and Y view of each event. Nine of the ten drift tube planes in each section have 1" 
thick slabs of concrete strapped to them. The layer of inert material missing from the 
10'" plane is compensated by the aluminum plates that form the mechanical structure 
for the scintillator plane. Each plane of drift tubes plus inert absorber corresponds 
to -1/4 of a radiation length and 13 MeV of dE/dx energy loss for a minimum ion-
izing particle. Each of the sections in the electron calorimeter is approximately an 
interaction length. 
Downstream of the 90 planes of PDT's are 2 drift tube planes that have been rotated 
45° to the chamber orientation in the electron calorimeter. The planes are called U-V 
planes, and their purpose is to help define the direction of tracks entering the muon 
spectrometer. 
Immediately following the U-V planes are the toroids and the chambers that make 
up our muon spectrometer. The spectrometer contains 5 octagonal soft steel plates. 
Sandwiched in between each plate are 2 planes of PDT's oriented X andY. Six more 
PDT planes stand directly downstream of the last toroid. 
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3.2 The Drift Chambers 
The proportional drift tubes are the major active component in both the electron 
calorimeter and the muon spectrometer. There are -5800 PDT's in the electron 
calorimeter and 1000 PDT's in the muon spectrometer. The electronics instrumenting 
the PDT's in the electron calorimeter give information on the time of flight, pulse area 
and pulse shape for charged particles traversing our detector. The electronics on the 
muon spectrometers PDT's yield TOF information only. Data gathered from the drift 
tubes allow us to do particle identification, event energy determination and PDT wire 
pulse area calibrations. 
Commercially manufactured aluminum extruded chambers are used in PDT con-
struction. The aluminum chambers are 18' x 13.54" x 1. 7 4" and contain 4 cells divided 
by a 0.100" wall. Each rectangular cell has an interior dimension of 3.25" x 1.5" with 
the corners of the rectangle filled in as part of the aluminum walls. This is done to 
eliminate high drift time regions in the PDT's. A 1/4" thick aluminum end-plate is 
welded to each end of the chamber and then a second weld is made to attach a l/8" 
thick aluminum end-box to each end-plate. A single, 2 mil, gold-plated tungsten wire 
is strung down the middle of each cell, brought out through a hole in each end-plate, 
and threaded through a plastic Delron plug that is fit snugly into an end-plate hole 
and epoxied in place. 250 grams of tension is put on the wire as it is soldered to 
tapered metal pins that are inserted in the Delron plugs at each end of the chamber. 
The solder joint provides both a mechanical and electrical connection for the sense 
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wire. 
A preamp card sits in one of the end-boxes on the chamber, the "electronics end" of 
the chamber, and the 4 sense wires are electrically connected to it. The end-plates at 
both ends of the chamber contain holes used for mounting chambers to the detector's 
steel superstructure. 
The cell walls in the drift chamber are notched appropriately so that gas can flow 
from cell to cell. Brass gas barbs are screwed into two threaded holes which exist in 
the end-plate on the electronics end of the chamber. 1/4" I.D. nylabraid tubing is 
placed over the gas barbs and the chambers are daisy chained together. 
The sense wires in the PDT's are run at 2200 volts while the chambers are at ground. 
The wires in the muon spectrometer are run at 2300 volts. The maximum drift time 
for a 0° track at this voltage is- 2.0JLsec. A drift time map for our chamber geometry 
is calculated from a combination of first principles and electron drift velocity for our 
gas[ll]. A comparison is made between the calculation and a drift time measurement 
taken with one of our PDT's in a cosmic ray telescope. The two sets of numbers agree 
well(fig. 3.3). A minimum ionizing track at 0° creates approximately 100 primary ion 
pairs in each PDT. 
Most of the chambers in the e- calorimeter have 3, 6' x 13.5" x 1" slabs of concrete 
strapped to it with 6 steel bands. The cement slabs are composed primarily of lime-
stone and agate with nylon fibers mixed in for added strength. The cement is used to 
add mass to the detector and thereby create a large target for neutrino interactions. 
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With the cement added the average weight of each chamber is 350±5 lbs. Each slab of 
cement is separated from the chambers by 3, 1/8" cardboard spacers which prevented 
the commonly bowed slab of cement from breaking when strapped to the chamber. 
The 1/8" space between the cement and the chamber is also utilized by our horizontal 
chamber lifting fixture. 
Due to limitations of the manufacturing process ·the 18' aluminum extrusions are 
created with bows and hooks that make them difficult to fit in our steel superstructure 
without disturbing the surrounding chambers. In addition, chambers with bad bows 
have their sense wires too close to the cell wall which caused large pulse ares in the 
chambers and in some extreme cases, wire sparking. Subsequent handling of the 
chamber, and particularly the strapping of cement on the chambers, tend to amplify 
the chamber's physical deformation. To solve the problem "straightness" specifications 
are established, each chamber is carefully measured, and chambers surpassing the 
specifications are repaired. 
The repair device is a unistrut steel frame that supported the chamber at both ends 
and contained a hydraulic jack located in the middle of the frame. The chamber is 
oriented appropriately for the type of repair desired, and the jack is used to bend the 
chamber past its point of elasticity in the opposite direction from the deformation. 
The technique works well by repairing the chambers and allowing us to fit most of 
them into the detector frame. 
Finally, detector bows are controlled with the use of "H" shaped steel brackets 
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that are placed in between each chamber in the plane. Three H brackets are located 
between each chamber where they do a good job of holding the chambers in line with 
one another and minimizing the bow of the plane. 
3.3 The Scintillators 
The other active component in the electron calorimeter is the scintillator planes. The 
scintillators' two jobs are to provide good timing for beam events and to supply a 
simple cosmic ray trigger for the detector. The scintillators are constructed in 2, 9' x 18' 
sections and are hung side by side from the top of the detector's steel structure(fig. 
3.4 Each half plane contains 4, SO" x 100" x 1" PS10 acrylic plastic scintillator sheets 
surrounded by pieces of 1" X 1" x 100" Poly Wavelength Shifter BBQ that channels 
the light to 7 phototubes. The scintillator plates and waveshifter bars are wrapped in 
mylar coated vinyl that both reflects the scintillation light that would escape through 
the face of the plates and provides a light tight seal. The wrapped scintillator is 
encased in an aluminum frame that has 1/2" aluminum plates on one side and 1/8" 
aluminum plates on the other. The frame is designed so that each SO" x 100" scintillator 
piece is supported independently at its corners because of a concern that too much 
weight on an acrylic sheet can cause it to craze over time. The material in one plane 
of scintillator is S/8" of aluminum and 1" of acrylic and has approximately the same 
dE/dx as 1" of our concrete. The total weight of a scintillator plane is 2.2 tons. 
Every scintillator plane contains 14 RCA 8S7S phototubes with University of Illinois 
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bases. The phototube signals are routed into both TDC's and flash ADC's. The 
phototubes were plateaued, and operate with voltages ranging from 1.8-2.4 k Volts. 
Their voltages are controlled with a LeCroy high voltage supply which is connected 
through the CAMAC system into our online program. 
The performance capabilities of the scintillators were studied using long cosmic 
rays in our detector. The average efficiency for all phototubes is 94.4%. The average 
number of photoelectrons reaching a phototube after creation by a minimum ionizing 
track is 3.48±1.87. Our electronics limits our scintillator timing resolution to - ±3 
nanoseconds. 
3.4 The Toroids 
The muon spectrometer sat directly behind the electron detector. It consists of a plane 
of U-V PDT's, 5 plates of iron toroid magnets with chambers in between and 3 pair 
of X-Y PDT's downstream of the toroids. The purpose of the toroids are to measure 
the energy of penetrating muons using dE/dx and magnetic bending. 
The toroids are 5 plates of soft steel shaped like octagons and wrapped in a con-
ductor through which current is passed and the steel is magnetized. The upstream 
toroid plate has a diameter of of 17'1" while the other 4 have 18' diameters. Their 
thicknesses in order from upstream to downstream are 5", 5" ,5", 7", 7". Each toroid 
has a 8" x 811 hole cut at its center through which the conductor passes and wraps 
the toroid 4 times. The conductor is a hollow copper pipe covered with PVC tubing 
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for insulation. When the toroids operate, 15 kAmps are run through the conductor 
creating an 18 kGauss B field in the toroids and little fringe field. Water is pumped 
through the center of the conductor for cooling. 
Two PDT planes without cement are located in each 10" gap between the toroids. 
None of the PDT's in the muon spectrometer have cement strapped to them, and not 
all of the chambers are 181 long. The PDT's are cut to the appropriate length so 
that the whole chamber is behind the steel plates. This is true of the U-V planes, the 
chambers in between the toroids and those downstream of the toroids. 
The B field of the toroids are measured using 5 search coils that are embedded in 
each plate. A field of 18±0.5 kG is measured toward the center of the toroid and a 
field of 15.5±0.5 kG is measured near the toroid edge. The field fell off radially as 
-1 I r and showed some t/> dependence. The field is determined by measuring the emf 
in the search coils as the magnet current is ramped. 
The magnetic field polarization is chosen so that J.i.-'s focus in the toroid system. 
Approximately 20% of all accepted v 11 events have muons that penetrate the toroids 
and exit out the back. The momentum of these events is found from the track bending 
in the magnetic field. The penetrating muon events that stop in the toroids have their 
energy determined using dE I dx. 
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For the drift tubes in our detector to work properly gas purity is crucial, and that 
makes the gas system of our detector important. The gas system must be able to keep 
pure the gas already in the PDT's, to replace the old gas with new gas slowly over 
time, and to isolate the system in certain parts of the detector when chamber repairs 
are necessary. 
Our PDT's are filled with an 80%-20% mixture of argon-ethane. The gas flows 
through the detector at a slow but constant rate to purge the impurities that leak into 
the chamber over time. Oxygen is the gas we are most concerned about getting into 
the PDT's because it is an electro-negative gas that hurts the PDT performance by 
greatly reducing our gas gain. The gas system has been designed to flow the argon-
ethane through the chambers while keeping air out of the system and maintaining 
constant pressure in the system. 
The gas system consists of 3 large gas manifolds, 10 gas panels that contain valves 
and flowmeters for gas flow routing and control, 53 channels of a gas distribution 
network made of copper and nylabraid tubing and various vacuum pumps, pressure 
regulators, bubblers and check valves(fig. 3.5). The total gas volume for the detector 
is 4000 cu ft which is turned over once every three weeks. 
The 3 large manifolds in the gas system serve as an intake line, an exhaust line 
and a vacuum line. The intake manifold connects to a set of gas bottles, the exhaust 
manifold vents the used gas outside the building, and the vacuum manifold attaches to 
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two large vacuum pumps which are used to evacuate the chambers during the detector's 
"turn-on" phase. The 3 manifolds fan out to all10 gas panels. There is one gas panel 
for each section of 10 planes in the e- detector and one more for the toroid chambers. 
Each gas panel in the e- detector has 5 flow channels-one for each horizontal and 
vertical plane combined. Every chamber in a plane is daisy chained together and each 
horizontal plane is daisy chained to the vertical plane directly upstream. Every pair 
of planes forms a channel on the gas panel which make the 45 total gas channels in 
thee- detector. The spectrometer gas flow is set up similarly. 
Cylinders of argon-ethane are located outside the detector building where they are 
attached to the gas system 4 bottles at a time. The 4 bottles are flowed simultaneously 
through a high pressure regulator that drops the gas pressure from -2000 psi to 5-
15 psi. A purge valve, which is located just past the regulator, is used when the 4 
bottles are changed. A second purge valve located inside the building is also used 
when changing the bottles. The intake line has a low pressure regulator located just 
before the intake manifold which further reduces the gas pressure to 1-3 psi. The 
intake manifold fans out to the 10 gas panels and the gas flows into the 53 parallel gas 
channels. The gas panel schematic is seen in figure 3.6. 
When the gas system is set in its normal gas flow mode the gas in each channel will 
flow past 2 open cutoff valves and through a flowmeter with a metering valve on it. 
Past the metering valve the gas pressure is 1" - 3" of water. The gas flows through 
the rest of the panel and into the 32 daisy-chained chambers of each channel. Up 
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to this point the gas has been flowing through copper tubing connected with silver 
solder joints or Swagelok fittings but once the gas reaches the PDT's it flows from 
chamber to chamber through Nylabraid tubing. Nylabraid is a flexible plastic tubing 
that outgasses very little. On the far side of the chambers the gas enters copper tubes 
that lead back to the gas panels. The gas in each channel goes through an output flow 
meter, into the exhaust manifold, and is eventually vented outside the building. 
The exhaust line contains a backpressure regulator whose job is to keep the pressure 
constant on the exhaust side of the chambers in order to prevent fluctuations due to 
outside weather conditions, particularly wind gusts. The backpressure regulator also 
acts as a check valve by preventing air from entering the gas system through the 
exhaust line. Two bubblers located on the exhaust line will also act as check valves 
should the backpressure regulator fail. 
The vacuum manifold in the gas system connects alllO manifolds to 2 large vacuum 
pumps. When the detector is turned on at the beginning of a data run one uses the 
vacuum part of the gas system to evacuate the chambers 2 planes at a time and fill 
them with clean argon-ethane. Evacuation and refilling of the PDT's has been found 
· to be the quickest and cheapest way to prepare the detector for operation after a long 
down time. The vacuum system is also used to put clean gas in a plane when that 
plane's gas has been contaminated because of detector maintenance. The restringing 
of a PDT wire is a typical example of when this procedure is necessary. 
During normal detector operation the gas is flowed through each channel at a rate 
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of 60 ccfmin or 0.133 SCFH. The flow rate translates to a volume turnover every 3 
weeks or 10 gas cylinders used per week. The pressure in the detector is held between 
1" and 3" of water above atmospheric pressure. All the regulators are referenced to 
atmospheric pressure so a barometric pressure variation changed the gas density in 
the chambers and resulted in gas gain changes in our detector. 
Chapter 4 
The Electronics 
Every joy is gain, and gain is gain however small 
4.1 Electronics Overview 
A particle traversing our detector leaves signals in the detector's active elements. The 
signals are amplified and shaped by our electronics, digitized, and run into our data 
acquisition system where they are written to tape. Charge accumulated on the electron 
calorimeter PDT wires is shaped and amplified by the preamps and digitized by the 
flash ADC's(FADC). Signals in the muon spectrometer PDT's are also shaped and 
amplified by preamps and then digitized by TDC's. Phototube signals are split in a 
stretcher which feeds one signal into a pair of TDC's and shapes the other signal before 
having it digitized by a flash ADC. Information is passed from the FADC's and the 
TDC's to the rest of the data acquisition system through the Nevis transport system. 
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A schematic of the detector electronics and the data acquisition system is shown in 
figure 4.1. 
4.2 The Calorimeter PDT Electronics 
Electronic instrumentation on the electron detector POT's give us pulse area, pulse 
shape and timing information about hits on the PDT wires. A charged track which 
passes through a PDT and ionizes the gas, creates free electrons that drift toward the 
sense wire and start to cascade. The charge created by this process collects on the 
sense wire and flows into the preamp card located on each chamber. The preamp(fig. 
4.2a), which is a current amplifier, shapes the charge pulse, boosts it, and sends a 
differential signal down the 60' cables to the flash encoder. The gas gain and preamp 
gain combined is "" 10'4• 
The flash ADC has a front end with a gain of 5, followed by a 6 bit ADC(fig. 4.3). 
The FADC's clock runs at 22.4 nanoseconds so the analog signal is digitized in 22.4 
nsec bins. The digitized signal is stored in a 8 bit memory chip, which translates to 
the pulse shape being recorded in a 5.7p.sec window. Thirty two, 8 channel, FADC 
cards are placed in each flash crate which provides power to all cards and a common 
backplane through which the data is read into the Nevis transport system. The readout 
system for the electron calorimeter POT's uses 22 1/2 flash crates. 
The data in the ADC is written to the memory chip every 22.4 nsec. When a stop 
signal comes from a trigger source, the write clock is turned off and the data in the 
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memory chips is written to the data bus of the Nevis transport system. A MINC 11/02 
which controls the data acquisition system, takes data coming through the transport 
system, formats it, and writes it to tape. A diagram of the on-line data acquisition 
program is shown in figure 4.4. 
4.3 The Scintillator Electronics 
The scintillators are also instrumented to yield pulse area, pulse shape and timing 
information. The anode signal from the base on the RCA 8575 phototube is run 
through 150' of coax cable and into a stretcher(fig. 4.2b). The stretcher splits the 
signal and outputs 3 pulses, 2 identical NIM pulses and one analog pulse. The NIM 
pulses are the discriminated input signal and the analog pulse is related to the input 
signal but is reshaped to be lower in voltage but longer in time. 
The NIM pulses are put into a fast TDC system that has an 11.2 nsec clock cycle 
and 2 TDC's per channel. The 2 TDC's are phase shifted 1/2 a clock cycle from 
one another and are denoted as TDC early and TDC late. This scheme gives a time 
resolution of 5.6 nsec for the scintillator signal. 
The analog pulse output by the stretcher is put into FADC's identical to those used 
for the PDT's. The pulse is reshaped because it is only a few nanoseconds wide while 
an FADC has a range of 5.7 J.I.Secs and we wanted to take advantage of the FADC's 
pulse shape digitization abilities. 
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4.4 The Toroid, CAMAC and Other Detector 
Electronics 
Only time of flight information is gathered from the PDT's in the muon spectrometer. 
The spectrometer PDT's have preamp cards that are almost identical to those on the 
electron calorimeter. The signals go from the preamps, through 75' of signal cable, 
and into TDC's with 22.4 nsec clock cycles~ The TDC crate, which is very similar 
to a flash crate, is connected to the Nevis transport system and is readout when the 
FADC's are readout. 
Much of the data we want to record or monitor comes from outside the Nevis 
transport system, and CAMAC electronics are used to handle it. The CAMAC crates 
are connected to the MINC and operated by the online program. CAMAC is used to 
control all the high voltages on the PDT's and the phototubes, and also to monitor the 
preamp voltages. Some of the data that the CAMAC system gathers is Pion Monitor 
ADC information, Horn ADC information, beamline losses, beamline magnet currents, 
target temperatures and beam intensities. All of the beamline information comes into 
our CAMAC electronics through the BNL DATACOM system. 
Cosmic rays which are used to calibrate our PDT wires are triggered on using scintil-
lator signals fed into a programmable cosmic ray trigger. The unit can be programmed 
to accept any desirable configuration of scintillator hits. A table of acceptable hit con-
figurations is input into the cosmic ray trigger unit so that whenever an event occurs 
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that matches the table, a pulse is sent out to the transport system that stops the . 
write clock, and writes the event to tape. The standard trigger we used was to divide 
each plane into quadrants, to call 2 active phototubes per quadrant a hit, to consider 
only the same quadrant in each plane, and to require 4 out of 10 quadrants to be hit 
simultaneously. The cosmic ray trigger unit is allowed to talk to the transport system 
for a period of only a few hundred milliseconds that ends -100 milliseconds before the 
beam spill arrives at the detector. 
Chapter 5 
The Beam 
May the Force be with you 
Our experiment had a narrow band neutrino beam created using the Brookhaven 
Alternating Gradient Synchrotron. The AGS 28.3 Gevfc proton beam was sent down 
our beamline and focused on our copper target(fig. 5.1). The beam-target interaction 
created pions and kaons which were momentum selected by a magnetic horn just 
downstream of the target. The momentum selected 1r's and K's passed down an 
89 meter decay tunnel where many decayed to form our neutrino beam. At the end 
of the tunnel was 100' of steel and earth that stopped the undecayed 1r's and K's, 
most muons, and other remaining particles. The weakly interacting neutrinos passed 
through the beamstop untouched and proceeded to our detector 1000 meters from the 
target. An overview of the beamline is shown in figure 5.2. 
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5.1 .The AGS 
The AGS is a strong focusing proton synchrotron. A linac fills the AGS with protons 
that are bunched into 12 buckets which orbit the storage ring. Once every 1.4 sec 
during the summer and fall240 runs(so called because of a horn current of 240kAmps), 
the proton beam was extracted by a fast kicker magnet down the FEB line. The beam 
passed through various quads and dipoles and ran into a 5mm x 13cm long copper 
target. The beginning of the narrow band horn was located lOcm from the downstream 
end of the target. 
Each of the 12 RF buckets is separated by 220nsecs which is defined by the AGS 
machine frequency of 4.45 MHz(fig. 5.3). The width of each bucket is -20-30 nsecs at 
half maximum, and its shape is approximately a truncated gaussian. The RF structure 
of the beam is seen at our detector and we use this fact to improve our event timing 
and reduce the background. The electronics' write clock frequency was purposely 
adjusted to 1/10 the RF bucket separation so that it is simple to use the RF structure 
to improve timing. 
5.2 The Horn and Target 
The narrow band horn system consists of plugs, collimators, and 2 separate aluminum 
horns through which 240kAmps are passed to generate a 1.3 GeV v,.,. beam(fig. 5.4). 
A horn current of 280kAmps is needed when we run with a 1.5Ge V v,.,. beam. There 
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are two brass plugs in the horn system that have lengths of 255cm and 305cm, and 
are designed to eliminate neutral particles coming straight down the beamline. Three 
collimators made of aluminum and brass absorb charged particles defocused by the 
beam. 
The upstream horn is designed to do the momentum selection while the second 
horn does the beam focusing. When the horn is run at 240kAmps, 11"'s and K's are 
selected and focused to ±4mrads. The v~ beam created by the decay of the 11"'s and 
K's has a momentum spread of 0.15=Ap/p(RMS) and an angular spread of 30 mrads. 
The energy spectrum of neutrinos eventually reaching the detector have a pion peak 
at 1.26GeV and a much smaller kaon peak at 2.91GeV(fig. 5.5). 
5.3 The Beam Monitors 
The pion monitors were located in the decay tunnel during the run, and were used to 
measure both the radial distribution of charged particles in the beam and the beam 
targeting. The 2 pion monitors are segmented ionization chambers placed 49m and 
69m downstream of the target(fig. 5.6). The devices are helium filled, with a mylar 
window at ground and a radially segmented copper clad GlO plane at 300Volts. The 
charge on the pads is read into CAMAC ADC's and is written to tape every pulse 
with the rest of our data. 
The pion monitor response was studied and found to vary linearly with beam inten-
sity (fig. 5.7), so by normalizing the pion monitor readings to the number of protons 
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Figure 5.6: Diagram of the pion monitor. The top sketch is a side view and the bottom 
sketch is a beam view. 
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on target we can measure targeting efficiency. This technique is used online and is 
found to be a very effective way to monitor targeting. Similar techniques have been 
used in data analysis to identify periods of poor running in order to cut the data. 
The 3 Cerenkov counters located in the decay tunnel are simply pieces of lucite 
with phototubes attached. During the run two of the Cerenkov counters were located 
144' from the target and the other at 161'. Because the time difference between the 
beam traversing the Cerenkov counters and reaching our detector is always the same, 
we use the Cerenkov counters to confirm the timing pulses received from the AGS. 
We monitor the difference in arrival time between the AGS timing pulses which are 
used to stop our write clock and the Cerenkov counters' signal, and require that the 
difference stay constant. 
Other significant beamline information is gathered by beam intensity monitors and 
radiation loss monitors. UX716 is a current transformer which the proton beam passed 
through - 10' upstream of the target. It measures the number of protons on target. 
Radiation loss monitors are located in many places along the beamline between the 
AGS ring and the target. We observed that periods of large losses in the radiation 
monitors are correlated with noisy detector events. By recording the readings in the 
loss monitors along with the rest of our data, our analysis can ignore data taken during 
times of bad beam extraction. 
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5.4 The Beam Monte Carlo 
A Monte Carlo program has been written to model our beam behavior[12]. It is used 
to predict the energy spectrum of our"'"' beam, the energy spectrum of our Ve beam 
background, and the radial divergence of charged particles in the decay tunnel. An 
attempt to predict the absolute neutrino luminosity is also made. 
The following steps are taken in the Monte Carlo: 
1. Our horn configuration and target dimensions are assumed. 
2. A BNL production rate parameterization called Sanford-Wang[13] is used to gen-
erate 1r's and K's in the target. The parameterization is based on careful mea-
surements of the BNL proton beam that were taken with a spectrometer made of 
a bending magnet, scintillation counters and Cerenkov counters. 
3. A CERN production model called Grote, Hagedorn and Ranft[14] is also used to 
generate 1r's and K's. The results of the two models are compared. 
4. The 1r's and K's are traced through the horn elements and allowed to decay. 
5. The chain of propagation-decays stops if the particle, other than a v, encounters 
the collimators, the beam dump, the tunnel walls, the plug or an iron wall located 
downstream of the horn in the decay tunnel. 
6. Absorption and multiple scattering of the particles takes place in the target and 
horn. 
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7. No nuclear effects are simulated in particle absorption. A single exponential is 
used. 
8. No secondary particle production takes place due to collisions with the horn ele-
ments. 
The following decay modes are important in the secondary beam: 
7r+ => "'"J.L + (5.1) 
+ 
'-+ e v11v, (5.2) 
K+ => "'"J.L + (5.3) 
+ 
'-+ e fi11v, (5.4) 
K+ => 7r0 e+v, (5.5) 
Ki. => 7r+ e+ "'• (5.6) 
(5.7) 
Reactions 5.2 and 5.4 produce a v11 beam and are the dominant reactions. The other 
four reactions produce a background v, beam. The integrated flux at the detector 
calculated for the decay channels in a 1.5 GeV v11 beam are listed in table 5.1. 
There is an additional wideband high energy tail in the beam which comes from 
K+'s and 1r+'s that decay between the target and the horn. The spectra for the v 11's 
and v.'s in our detector have been calculated and are shown in figure 5.8. 
The Monte Carlo makes predictions about the radial distribution of charged par-
tides in the decay tunnel and the pion monitors can test the prediction. Figure 5.9 
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Figure 5.8: Monte Carlo calculated components of the a)vp. and b)ve spectra at the 
detector. Note that the 1r+ decay dominates the Vp. spectrum and the J.L+ decay con-
tributes most to the Ve spectrum. 
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"'" 
1f'+ ~ p.+v" 5.3 x 10-5v"fip 
"'" 
K+ ~ p.+v" 1.9 x w-6v"fip 
"'" 
Total 5.5 x 10-6v"fip 
Lie 1r+ ~ e+ve 6.2 X 10-9vefip 
Lie p.+ ~ e+v"ve 2.5 X 10-1vefip 
Lie K+ ~ 1f'0 e+ve 1.4 x 10-1vefip 
"'· 
Ki. ~ 1f'-e+ve 3.6 X 10-8v8 jip 
"'· 
Total 4.3 x 10-7v.fip 
Lie/ VI' (4.3 X 10-7)/(5.5 X 10-6) 7.8 X 10-s 
Table 5.1: Calculated integrated flux of neutrinos at the detector 
shows good agreement between the Monte Carlo and data. The shape of the "'" spec-
trum at the detector is also a good test of the Monte Carlo beam calculation. The 
Monte Carlo also agrees well with the data in this case. This comparison is discussed 
further in the Muon Analysis chapter. 
Systematic errors have been estimated for the important numbers calculated by the 
Monte Carlo. Contributions to the error come from uncertainties in the calculation 
method, in the assumptions about the particle interactions and in the production 
model. The errors are shown in table 5.2. The Ve/v" error is important in the electron 
analysis. 
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Figure 5.9: Radial distribution of charged particle intensities in the pion monitor and 
MC predicted radial distribution. a)Downstream pi mon., b )upstream pi mon. 
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Method Error Assumption Error Production Error Total 
v~ Flux ±10% +40% +27% +80%-10% 
v.fv~ ±10% ±0% +10% +20%-10% 
v~(K+ j1r+) ±10% -10% +8% +20%-20% 
Table 5.2: Estimated Beam Monte Carlo Systematic Errors 
Chapter 6 
Data Taking 
The best laid schemes of mice and men gang aft agley 
During the summer and fall of 1985 our experiment took narrow band neutrino 
beam data and accumulated 3 x 1019 protons on target. 1.94 x 1019 protons were taken 
with the v,. spectrum peaked at 1.3 GeV, and the rest with the spectrum peaked at 
1.5 GeV. The AGS beam spill was once every 1.4 sees for the 1.3 GeV run, and during 
periods of good operation the AGS delivered 1.0-1.5 x 1013 protons per pulse. The rep 
rate for the 1.5 Ge V run was a pulse per 1.6 sees. 
The detector was read out every beam spill even if there was no event present. On 
days the AGS ran well (beam for >20 hours) we could accumulate up to 100 v,. events 
in the detector. Cosmic ray events coincident with the beam spill and beam related 
noise were found among the v,. events. The beam related noise was usually random 
hits scattered throughout the detector, but during periods of poor beam extraction 
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the hits would often build up along the top and the sides of the detector. 
6.1 The Triggers 
The three basic triggers we use while taking data are a cosmic ray trigger, a beam 
event trigger and a free trigger. When a trigger is sent to the Nevis transport system, 
the data recorded by the flash ADC's in the previous 5.7JJ.sec is read out. The 5.7JJ.sec 
window contains the 2.5JJ.sec AGS spill time and the '""' 2.0JJ.sec drift time of the PDT's. 
The relationship between the triggers during the 1.4sec clock cycle can be seen in figure 
6.1. Inside a 4JJ.sec gate starting at 0.1 sees in the cycle the cosmic ray trigger unit 
is allowed to stop the write clock if an event satisfying the cosmic ray trigger passes 
through the detector. It should be noted that a cosmic ray doesn't have to be recorded 
every cycle, and often one isn't recorded. At 0.6 seconds in the cycle the write clock 
is stopped by the beam trigger, and a beam event which arrived 5.7JJ.sec earlier is 
written to tape. At 1.0 seconds the free trigger stops the write clock and any data in 
the previous 5. 7 J..l.Sec is recorded. A predet helped to coordinate the 3 triggers. 
Every beam spill the AGS sends timing pulses to our data trailer that are used 
in our beam trigger(fig. 6.2). EXAU1, a signal related to the AGS Gauss clock, is 
used to stop our write clock. After the protons hit the target it takes 3.3JJ.sec for the 
v"'s to arrive at our detector. Signals from the decay tunnel Cerenkov counters arrive 
4.2J..l.Sec later. The timing is set so the first v's arrived at the detector at 16.4 clock 
tics(22.4nsecfclock tic). The spill ends at 128 clock tics, and the rest of the time is 
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Figure 6.1: Timing diagram during the AGS cycle. 
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allotted to PDT drift time. EXAU1 arrives at the end of clock tic 255. 
The ratio of beam triggers to free triggers to cosmic ray triggers is 1:1:0.6 . The 
cosmic ray to beam trigger ratio is adjusted by changing the width of the time window 
in which a cosmic ray event can be accepted. The criteria used by the cosmic ray 
trigger unit to identify a good event is described in the Electronics chapter. 
A free trigger event is written every clock cycle in order to understand the number 
of accidental events in our beam trigger. The free trigger events are taken 400 msec 
after the beam trigger to guarantee that the accidental events were cosmic rays totally 
unrelated to the beam. 
6.2 Detector and Beam Diagnostics 
Detector and beam diagnostics were performed ,over 3 periods of time, once every 
pulse, once every few minutes and once a day. The MINC 11/02 performed pulse 
to pulse diagnostics on the parameters considered most valuable or most variable. 
Our online monitor displayed the intensity readings of the 2 pion monitors along 
with numbers from proton intensity monitors located upstream from the target. The 
numbers immediately told us of any AGS failure, beam extraction problem or targeting 
problem. The power supply voltages of the PDT's and phototubes were also monitored 
each pulse. 
Our PDP 11/70 accumulated data online and produced histograms of interest every 
few minutes. The histograms contained information concerning the horn, beamline, 
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timing and detector noise. Whenever a histogram value fell outside certain limits an 
alarm would sound to alert those on shift. The online monitoring of the horn power 
supply was particularly important because often a capacitor in the horn power supply 
capacitor bank blew a fuse, and less current was delivered to the horn. The lower 
current caused the focused neutrino beam shifted down in energy, so the situation had 
to be corrected immediately. 
Approximately once a day a recently taken data tape was analyzed offline on a Vax 
with a program that yielded detailed information about detector performance. The 
offline program called Checktape used cosmic ray data to calculate hit totals and/or 
average pulse areas(PA's) for every wire and phototube in the detector. The Checktape 
printout told us immediately if a wire or phototube was going bad.Our wire failure 
rate was 1 out of 6000 every 2 days. The most common problem was a preamp or 
FADC card going bad which was diagnosed and fixed immediately. Other histograms 
created by Checktape were TDC hit and timing distributions for phototubes and toroid 
PDT's, plane by plane and wire row by wire row hit distributions and PA averages, 
and scatter plots of the detector hit distribution. 
At the beginning of a data run Checktape was run many times a day in an effort to 
debug the detector. Miscabled chambers, bad power supply connections, misaddressed 
electronics and many more problems were diagnosed with Checktape during detector 
start-up. The detector typically took 2-3 weeks to be brought up to data taking 
standards after a long down time. 
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Offi.ine beam diagnostics were also performed during our data taking runs. Every 
few days an AGS beam checking program was run on the Vax. The program analyzed 
the recent performance of the horn, the pion monitors and the beam. Some of the 
important histograms produced were plots of pion monitor PA vs. time, radiation 
monitor losses vs. detector hits, horn current vs. time, radiation monitor losses vs. 
time and pion monitor PA distributions. 
6.3 Detector Events 
The viA event signature in our detector is a muon with a vertex inside the fiducial 
volume that either stops in the electron calorimeter, stops in the toroid system, or 
exits out the back of the muon spectrometer. A muon in the detector is usually a 
long straight track with little doubling that may multiple scatter as it stops. It has a 
minimum ionizing average pulse area. A typical viA event in our detector is shown in 
figure 6.3. 
The predominant neutrino reaction in our detector is the quasi-elastic reaction. 
(6.1) 
The quasi-elastic signature is a single muon or a muon with a second small track at 
the vertex. The proton rarely goes more than 10 planes and often doesn't escape the 
cement slab containing the vertex. For a 1.3 Ge V viA event the muon commonly goes 
further than 40 planes. The quasi-elastic cross section is 55% of the total cross section 
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Figure 6.3: A typical 1/p events in the detector. The right view is the event in the 
X planes and the left view is the event in the Y planes. The muon hits 2 planes of 
toroids. A proton can be seen coming from the vertex. 
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at 1.3GeV and 51% of the total at 1.5 GeV. At these low energies the rest of the cross 
section comes primarily from single pion reactions. The reactions are: 
v1An ~ J.l.-P1ro 
viAn ~ J.l.-n1r+ 
(6.2) 
(6.3) 
(6.4) 
These are resonant reactions where the resonant particle is the .6.(1232). Other higher 
energy resonances can also participate but the .6.(1232) has the largest cross section 
for these reactions. 
The signature for the single 1r reaction isn't always distinct from the quasi-elastic 
event signature in our detector. In some single 1r events neither the 1r nor the proton 
is seen due to intranuclear effects like pion or proton absorption. It is also possible to 
have detector events where only the 1r+ and J.1. are seen, and the 1r+ is mistaken for a 
proton. The 1r+ usually travels further than the proton in the detector. 
At viA energies above 1.4 GeV multiple 1r reactions start to occur. The multiple 
pion reactions are termed deep inelastic reactions. 
(6.5) 
The deep inelastic reaction is characterized by multiple tracks leaving the vertex. 
These events are identified and cut in the v. analysis, though some are kept in the viA 
analysis. 
Muons lose energy in the detector through interaction with atomic electrons in our 
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detector material. The interactions cause atomic excitations and ionizations. For a 
non-radiating charged particle the average energy lost per unit path length is expressed 
by the Bethe-Bloch formula[15]. 
dE/dx = 411"NoZe\ln( 2mv2 ) _ /32) 
mv2 A 1(1 - f32) (6.6) 
In the equation above No is Avogadro's number, Z and A are the Z and A of the 
medium, m is the electron mass, and I is a phenomenological constant. For a relativistic 
particle(minimum ionizing) the dE/dx energy loss in a given material is approximately 
constant, but as the particle slows down the energy losses become much greater. The 
dE/dx values for the materials used in our detector are well known, and by using these 
values we can obtain the muon energy from rangeout. In the electron calorimeter a 0° 
minimum ionizing track loses -13 MeV /plane. 
Combining the muon energy obtained from dE/dx rangeout with the muon angle 
in our detector, we can reconstruct the energy of the incident v"' with the following 
equation. 
MnE"'-M!/2 Ev = -----'-----":;.;.._ __ 
-E"' + Mn + p"'cosfJ"'v 
(6.7) 
Mn is the mass of the neutron. The formula above assumes a quasi-elastic reaction. 
The neutrino energy from a single pion reaction is reconstructed with the following 
equation. 
M! -M~ -M! +2MnE"' Ev = -=----.:..:.--=----~~ 
2(-E"' + Mn + p"'cosfJ"'v) (6.8) 
M~ is the 6.(1232) mass. Energies of Ve events are obtained with the same formulas 
by replacing the energy, mass and momentum of the muon in the previous equations 
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with those of the electron. 
The electron neutrino events in the detector are analogous to the v" events. The 
v. quasi-elastic event has the largest cross section at our energies. 
(6.9) 
The v. single pion reactions have the next largest cross sections. 
(6.10) 
(6.11) 
(6.12) 
An electron electromagnetically showers in our detector producing many double hits, 
skipped planes and large pulse areas. The average tracklength for a oo 1 Ge V electron 
in our detector is 27 planes. Each plane in our electron calorimeter is 1/4 of a radiation 
length. Figure 6.4 shows a Vc event in our detector. 
Electrons that pass through a material lose energy by Bremsstrahlung radiation. 
The radiated photons convert to e+ e- pairs which in turn radiate, and an electromag-
netic shower is formed. The average energy of an electron after it has gone a distance 
x through a material is given by the following equation[16]. 
(6.13) 
where, (6.14) 
Xo is the radiation length of the material. 
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Figure 6.4: A typical Ve events in the detector. The right view is the event in the X 
planes and the left view is the event in the Y planes. 
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The energy of an electron event in our detector is found by summing the total pulse 
area of all hits associated with the electron shower, and comparing it to a calibration 
value found using a test detector in an electron beam. To use this method one must 
be careful that all the PDT wires in the electron calorimeter and the test detector 
have been correctly normalized. The procedure is described in detail in the Test Run 
chapter. Once the electron energy and angle are found, the 11, energy is reconstructed 
using the electron version of equation 6.7. 
A cosmic ray event in our detector is usually a penetrating muon with an obvious 
entering and exiting point that makes it easily identified. Cosmic rays rarely stop 
in our detector, though a sample of stopping cosmic rays has been accumulated and 
is used in our analysis. Because the events can easily have energies >lOGeV it isn't 
unusual to see an event' accompanied by knocked out 6 rays. It is also possible that 
some accidental cosmic rays appear as showers in our beam events. They can usually 
be cut because of bad timing or obvious point of entry into the detector. Based on 
analysis of our free trigger events, we believe we have a good understanding of our 
cosmic ray background. 
Chapter 7 
Data Reduction 
We must scrunch or be scrunched 
7.1 Data Reduction Overview 
" 
The tapes taken during our data run were immediately processed with a data reduction 
program on a Vax 8600. The program stripped off different event types, or event 
information, that were stored in 4 different files on disk. Every few days the disk files 
were written out to data summary tapes. Four data summary tapes were created. 
A packed cosmic ray tape contained stripped cosmic ray events with the data written . 
in compact form. Horn, pion monitor and beamline information was recorded on an 
AGS tape. A first pass edit tape called EDIT! contained beam and free trigger events 
edited with very loose cuts. Finally, a second pass tape called EDIT3 included beam 
and free trigger events filtered through a stricter edit program. 
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The EDIT1 program reduces all beam and free trigger events by a factor of 10. The 
EDIT3 program reduces the data by an additional factor of 12. The EDIT3 sample is 
filtered by another program called EDIT6 which further reduces the data by a factor of 
3. The EDIT6 sample of 13,000 events is the starting point of the muon and electron 
analyses. 
7.2 EDIT 1 
Every beam and free trigger event on the raw data tapes was analyzed by the EDIT! 
program, and the accepted events were written to a disk file for later inclusion on a 
summary tape. The EDIT1 program requires the following: 
1. At least 10 PDT hits in the event. 
2. Elimination of stray PDT hits in the event. Hits are eliminated if there is no 
second PDT hit in an hour glass shaped region around the wire. For a hit in 
plane IPL on wire IWR the following region is searched: 
a IPL±4 IWR-6 TO IWR+6 
b IPL±2 IWR-4 TO IWR+4 
c IPL IWR-2 TO IWR+2 
3. Three consecutive planes in each view must contain accepted hits. 
The EDIT1 tapes contain our neutrino events but are dominated by beam related 
noise events and cosmic ray events. 
CHAPTER 7. DATA REDUCTION 72 
7.3 EDIT 3 
The EDIT3 program also ran on raw data tapes, and its accepted events are a complete 
subset of the EDIT! events. The program runs in 2 parts. First it places cuts on the 
event as a whole and then the accepted events are reconstructed using an algorithm 
that can fit up to 20 tracks in one view. The fit tracks must also pass certain cuts. 
The EDIT3 event requirements are: 
1. The number of PDT hits > 10. 
2. An accepted hit must be inside a fiducial volume defined by > 3 wires from the 
detector sides and < plane 85. 
3. Elimination of stray hits. For EDIT3 this means requiring 2 hits inside the hour-
glass region defined with the EDIT! cuts, and also inside the fiducial volume. 
4. 4 consecutive planes in each view must contain accepted hits. 
The EDIT3 track cuts require at least one track in each view to satisfy the following: 
1. The number of PDT hits ~ 4. 
2. Track hits in ~4 consecutive planes. 
3. Track vertex is inside the fiducial volume. 
4. Tracks in both views correlate such that the difference between the 1 at plane hit 
in each view is :$ 10 planes. 
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The EDIT3 cuts reject cosmic ray events with few hits and many beam related 
noise events. Contained neutrino events are untouched by EDIT3. 
7.4 EDIT 6 
The data pass called EDIT6 ran on EDIT3 data, and performed a computerized recon-
struction and analysis that is more sophisticated than EDIT3. The goal of EDIT6 is 
to keep all contained muon events and any possible shower event while eliminating as 
many cosmic ray events and noise events as possible. The program's initial procedure 
is the following: 
1. Tracks are found using the criteria outlined in EDIT3. 
2. The average pulse area/plane(PA) and pulse length/plane(P L) of a track is cal-
culated using PDT FADC information. 
3. Events with P A < 250 and P L < 50 are called muons. The rest are called 
showers. 
4. One set of cuts is applied to muon events and another to shower events. 
The events initially accepted as muons are required to satisfy the following criteria: 
1. The start and end of a track must match for single tracks in both views. The 
starting planes must differ by :5 3 planes and the end must differ by :5 5 planes. 
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2. The event vertex must be inside the fiducial volume defined by > 2 wires from 
the side and < plane 85. 
3. The track's last hit must be inside the fiducial volume. The track is projected 
one plane beyond the last hit and the projected position must also be inside the 
fiducial volume. 
4. TheY-view angle< 50°. 
5. Tracklength ~ 15 planes for tracks totally contained in e- calorimeter. 
6. Tracklength ~ 10 planes for tracks entering toroids from e- calorimeter. Hitting 
plane 0 is defined as entering the toroids. 
7. The track can't exit the sides of e- calorimeter but can exit the sides of toroids. 
EDIT6 takes the events that it tentatively identified as a shower, and includes the 
hits near the fitted tracks in the shower. It then demands that the events pass the 
following shower criteria: 
1. Total shower P A ~ 4000 in completely contained shower. 
2. The shower vertex and end must match in both views just like the muon events. 
3. Shower P A > 1000 in either view if the shower enters the toriods. 
4. Tracklength > 8 planes. 
5. No fiducial or containment cut is made. 
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Despite the cuts, most of the shower events in the EDIT6 sample are beam related 
noise events. 
Many raw data tapes and EDITl tapes were scanned in order to check the EDITl 
and EDIT3 programs, and to make sure no neutrino events were edited out of the 
samples. All the EDIT3 data from the summer 1985 run was scanned at the University 
of Illinois, and was compared to the events accepted by EDIT6. The comparison found 
no mistakes in the EDIT6 program. All neutrino events satisfying the cuts listed above 
are in the EDIT6 sample. 
7.5 AGS and Cosmic Ray Data 
The other two sets of summary tapes, the AGS tapes and the cosmic ray tapes, contain 
data used in detector and beamline diagnostics. The AGS summary tapes were run 
through a diagnostic program every few days to monitor beamline performance while 
we were taking data. The diagnostic programs are described in the Data Taking 
chapter. Pion monitor information located on the AGS tapes is used to check the 
accuracy of our beam Monte Carlo. The AGS tapes have also been used to create 
histograms of pion monitor intensities vs. time and beamline radiation losses vs. time 
that span all of our data tapes. The histograms are used to identify periods of poor 
running so that events taken during those periods can be cut. 
Almost all900,000 cosmic ray events taken during the 3 data runs were eventually 
used in detector diagnostics and calibration calculations. The cosmic ray records were 
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compacted to make the data more manageable. The records are shrunk by removing 
the FADC pulse shape information from each hit, and combining 5 events into each 
record. The pulse area, height, length and timing information is kept as is the wire 
number, plane number and phototube number. The only TDC information kept is the 
wire number, plane number and TDC on and off time. Beginning of Run and End of 
Run records are left unchanged. The packing procedure reduces the disk space taken 
by the cosmic ray events by a factor of 9. 
Many different analyses are performed using the cosmic ray data. The packed cos-
mic ray data was used for the daily detector diagnostic program described in the Data 
Taking chapter. The packed data is also used to calibrate every PDT wire in the elec-
tron calorimeter, and to check the PDT gas efficiency. Both procedures are described 
in the Detector Analysis chapter. Another job for the data is the improvement of the 
PDT wire survey through the use of very straight cosmic ray events and an iterative 
fitting technique. Samples of cosmic ray events which stopped in the detector are 
used in the PDT wire normalization and also in the electron P A-energy calibration. 
The electron PA-energy calibration is described in the Test Run chapter. The packed 
cosmic ray data is also used in the study of many other PDT's characteristics. 
Chapter 8 
Detector Analysis 
Es tu PDT? 
The PDT's in the electron calorimeter give us the majority of our information, so 
the behavior and characteristics of the PDT's are carefully studied. Their response 
to tracks of different angles and to weather variations are analyzed, as are the gain 
differences in the 6000 wires. All the analysis is performed using packed cosmic ray 
data. 
8.1 Pulse Area Normalization 
One of the important parts of the data analysis is the pulse area normalization. The 
average P A of a minimum ionizing track passing through a PDT varies from wire to 
wire, wire row to wire row, and run to run. The variations are caused by different 
gains in the preamps and the front end of the flash cards, temperature and barometric 
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pressure variations in the weather, and changes in the gas flowing through the detector. 
A PDT wire, pulse area, normalization table is needed so that the P A of 2 different 
wires in 2 different runs could be corrected to the same value. 
The normalization table is created using all of the data taken during the data runs, 
-880,000 events. The cosmic ray events are analyzed with a computer program which 
fits the tracks, and uses the P A of each track hit to create 3 sets of normalization 
data. The pulse areas of PDT hits are averaged per wire row per run, where a wire 
row is all the X plane wire l's, all the X plane wire 2's, etc. The 128 PA averages/run 
are stored in a file named PAFILER. The PA's for each of the 5760 e- calorimeter 
wires is averaged over a large number of runs to obtain a relative average P A for each 
wire in the detector. This data set is called PAFILESTD. The third data set contains 
PA per wire row values that are averaged over the same set of 45 data runs used to 
create PAFILESTD. It is named PAFILEW. By combining the 3 files, a PA average 
per individual wire per run is obtained. 
The 3 data sets used to construct the PA normalization table are chosen because 
they are the ones found to have the most variation. By doing an individual wire 
average over many runs, the electronic gain variation for each channel can be taken 
into account and corrected. The pulse area average per wire row per run is designed 
to be sensitive to PDT pulse area changes due to detector gas variation and run to 
run weather variation. Since the gas flows through 53 parallel channels in the e-
calorimeter and muon spectrometer, P A averages for all wires in a row show the way 
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the gas is effecting the pulse area across the gas flow channels. Waves of high and low 
PA can actually be seen propagating through the detector during certain parts of the 
data run. Taking P A averages per wire row allows us to compensate for the P A wave 
effect. The P A wave is described in more detail later in this chapter. 
Changes in the weather, particularly the barometric pressure, cause the average 
PA{ P A ) of all the wires to fluctuate as a function of time. An overall pulse 
area correction per run can adjust for the weather effect. The relationship between 
the barometric pressure and the detector P A has been studied and can be seen in 
figure 8.1. Other effects that change the P A of all wires, or just certain wires, has 
been found to be small. 
The three P A normalization data sets are combined to calculate the P A a 0° 1 Ge V 
muon will leave on wire i, plane j, during run k . 
PA .. _ PAFILERuc x PAFILESTDi; 
,,1c - P AF I LEW1 x 0·8 (8.1) 
In the equation above 1 is the wire row number. The 0.8 factor is a measured number 
that adjusts the difference between the P A left in a PDT by a cosmic ray, and the P A 
left by a 1 Ge V muon. 
The methods used to get pulse area data from the cosmic rays are important to 
the normalization calculation. The pulse area information from each track is obtained 
with a computer program which performs the following steps on every event. 
1. The track is found and fit. 
2. Noise hits are cut. 
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3. Double hits are cut. This cut both improves the fit and eliminates many 6 rays 
knocked out by the cosmic ray. 
4. Hits where the track has run into the chamber webbing are cut. The cut makes 
the angular correction much easier. 
5. The PA of each hit is corrected for angle. 
The angular correction is done by multiplying the hit PA by cos Opro;, where Oproj is 
the angle obtained by projecting the track into the plane perpendicular to the electron 
drift direction. The angular correction used is based on analysis of the cosmic ray 
data. 
Checks are made on the PA normalization table after its creation. The tables are 
used to create a normalized P A/run by taking the cosmic ray events, applying the 
cuts listed above, using the table to normalize the PA of every cosmic ray hit, and 
calculating a total P A for each run. The distribution of the normalized P A's per run 
has au of <1%. A normalized P A/run is also calculated with the various cosmic ray 
cuts removed one at a time to show it isn't sensitive to the cuts. P A's versus run are 
plotted for X and Y PDT's with no corner cut, no double hit cut, and no cuts at all. 
In each case the overall P A/run shifts up or down as expected but still remains flat 
(fig. 8.2). Again the distributions of PA/run have au of <1%. As a third check a 
totally independent track fitting program is used to calculate the P A's, and the same 
results are obtained. 
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8.2 Minimum Ionizing Correction 
The cosmic rays in our detector have an energy of a few Gev, while we would like to 
correct our pulse areas to that of a 1 Gev muon. The dE/d.x of a muon in this energy 
region rises logarithmically with energy, so it might be expected that the average PDT 
pulse area for a cosmic ray track would only be a few percentage points higher than 
the average P A for a 1 Ge V muon. In fact, the P A for a cosmic ray in the detector is 
measured to be 20% higher than the P A of a 1 Ge V muon. The observed effect may 
be explained by the higher energy cosmic rays producing more 6 rays in the cement 
and aluminum which then leak into the gas cell. 
A sample of 1 Ge V muon tracks is obtained from cosmic rays that stop in the 
detector. The 1 Ge V muon analysis is performed in the following way: 
1. A sample of 2000 cosmic rays that enter through the toroids and stop in the 
electron calorimeter is obtained. 
2. Tracks in the electron detector must have a tracklength > 60 planes. 
3. The last 10 planes in the track are cut to avoid multiple scattering and the track 
is fit. 
4. Only the P A in planes 0-30 are averaged. 
A pulse area averaging program is run both on the stopping tracks and a sample of 
cosmic rays that spanned the same runs. Using the same runs for both data samples 
eliminates the need for P A normalization. The P A averaging programs are also rerun 
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on the same data sample using P A normalization, as a check. In both cases the 1 Ge V 
tracks' PAis only 80% of the cosmic ray's PA. The comparison can be seen in figure 
8.3. 
8.3 Angular Corrections 
The pulse area of a minimum ionizing track passing through a proportional drift tube 
at an angle should be related to the P A of a 0° track by a simple geometric factor. For 
our detector this isn't the case. The angular correction appropriate for our detector is 
investigated using cosmic ray data. 
Before the angular correction analysis is described a few things must be defined. 
The vertical PDT's are X planes, and the horizontal PDT's are Y planes. The X angle 
is the angle along the electron drift direction in the X planes, and the Y angle is its 
perpendicular counterpart. 
The PDT track-angle analysis investigates 4 angular dependencies. Pulse area-angle 
dependence is observed in X chambers both with the X angle varied and theY angle 
held constant, and with theY angle varied and the X angle held constant. A similar 
scheme is used in the Y chambers. The angle is held constant in different ranges, 
and plots of the P A verses the varied angle are made for each range. The ranges are 
I 0°- 5° 1,15°- 10° I, 110°- 15° I, 115°- 20° I· The tracks in each PDT are required 
to go through the middle of the cell and not touch the webbing so that cell geometries 
wouldn't effect the PA measurement. 
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The angular dependence in the X planes went as 1/ cos O(O=total angle) as ex-
pected(fi.g. 8.4a), but dependence in the Y planes is very different. In the Y planes 
a change in the Y angle effects the PA very little until the angle reaches 30°, while 
changes in the X angle increases the P A faster than 1/ cos 0 (fig. 8.4 b). The effect 
holds true in the 4 ranges of the constant angle. The X planes actually deviate from 
the 1/ cos 0 rule at < 10°, where the PA dependence behaves like the Y plane angular 
behavior. 
The angular dependence of the pulse areas in the Y planes behaves like the vertical 
chambers are out of the proportional mode. It is not clear how this could be true. 
H the Y planes are out of the proportional mode then tracks whose drift plane is 
perpendicular to the sense wire have large space charge buildups near the wire that 
prevent all the created electrons to drift in toward the wire. The space charge creates 
a shielding effect which causes a lower PA for tracks perpendicular to the sense wire. 
Based on the P A-angle plots, the P A angular correction used in the pulse area 
normalization analysis is: 
P Aoo = P A cos 011 for X planes 
and · P Aoo = P A cos Oz for Y planes 
(8.2) 
(8.3) 
The correction works well for low angle events in the X chambers and all events in the 
Y chambers. 
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8.4 The Pulse Area Wave 
88 
One effect noticed during the P A normalization calculation is waves of P A that travel 
through the detector in the direction of gas flow. Regions of high and low P A travel 
from wire row to wire row as the gas propagates through the detector. The effect is 
prevalent in the fall 1985 run, but much less conspicuous in the summer 1985 run. 
Figure 8.5 shows an example of the effect. The appearance of a peak or valley always 
coincides with the changing of a set of gas bottles, though changing the bottles doesn't 
always create the effect. The cause of the pulse area wave is unknown. 
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Chapter 9 
Muon Analysis 
I am whats I am and that's all thats I am 
An in depth analysis of both the muon and electron neutrino events in our detector 
is the key to answering the questions posed by our experiment.The objectives of the 
muon analysis are creating the v" energy spectrum seen in our detector, comparing 
the spectrum with a Monte Carlo spectrum to both test our beam Monte Carlo and 
check our narrow band beam, and finding the total number of acceptance corrected 
v" events so the ratio V 4 jv" can be calculated. The muon analysis at the University 
of Illinois was done by Kevin Reardon and his results are presented[17]. 
9.1 Muon Event Selection 
The starting point for the muon analysis is the 13,000 EDIT6 events. The events are 
filtered through a program that contains a series of cuts that select out the v,.,. events. 
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Approximately 1350 events are in the final v"' sample. The v"' selection program uses 
a track finder to locate the primary track in an event and asks the track to satisfy t.he 
following requirements: 
1. Total number of PDT hits < 170 or (num. PDT hits in fit track)/(total num. 
PDT hits)> 1/3. The cut eliminates noise events. 
2. Track angle< 50 Deg. 
3. Track satisfies fiducial cuts: 
a Vertex plane :::; 84 and ~ 19. 
b Projection of endpoint 2 planes must be > 15 em from det. edge. 
c Projection of vertex upstream 2 planes must be > 15 em from det. edge. 
d Vertex must be > 4 wires from det. edge. 
e Track can't enter hole at toroid center or exit toroid corner. 
4. < 50% of hits are double hits. This cuts events that the analysis program can't 
fit well. 
5. Track length ~ 22 planes. 
6. The number of skipped plan~s < 20% of track length. The cut cosmic rays that 
are very late or very early in our time window. 
7. Events must focus in the toroids. Cosmic rays are cut by this. 
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9.2 Muon Energy Spectrum 
Once an event has been accepted as a muon the event's track length and angle are used 
to reconstruct the v"' energy. Muons that stop in the electron calorimeter or muon 
spectrometer have their energies determined through rangeout while muons that exit 
out the back of the muon spectrometer have their energies determined from bending 
in the toroids' magnetic field. 
Obtaining muon energies from dE/dx losses is described in the Data Taking chapter. 
Finding muon momenta from magnetic bending is done by using a computer program 
to generate Monte Carlo muon tracks in the toroids and comparing the track's curva-
ture with the real data. The muon's initial toroid entry point and angle are used as 
input to the program. Monte Carlo tracks are traced through the toroids, the initial 
momenta is varied, the track curvature is compared with the data and a x2 is calcu-
lated. The momentum of the Monte Carlo track with the lowest x2 is called the muon's 
momentum. The event Monte Carlo tested our momentum determination and found 
that the momentum resolution of the toriods is 25%. This compares with a 3% energy 
resolution for muons stopping in the electron calorimeter and a 9% energy resolution 
for muons stopping in the toroids. The energy resolutions are both calculated with 
the event Monte Carlo. 
The v"' energy spectrum we observe from our data can be compared with the pre-
dicted beam Monte Carlo spectrum (fig. 9.1). The v"' energy spectrum is calculated 
assuming allv"' events are quasi-elastic. Even though there are some differences, the 
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Figure 9.1: Reconstructed v~~> energy spectrum compared to the MC predicted spec-
trum. a)All1.3Gev data. b)Alll.SGeV data. 
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data compares well with the Monte Carlo and gives us confidence that we have a nar-
row band beam. The two major differences between the data and the Monte Carlo 
are a low energy peak and a high energy tail in the data spectrum. It is believed that 
the low energy peak comes from feed down of high energy, high multiplicity v~ events 
that are missing from our Monte Carlo. 
v~ + N => J.L + X (9.1) 
The event Monte Carlo contains quasi-elastic and single 1r events but no deep inelastic 
events. The enhanced high energy tail is also partially explained by the missing cross 
section of the high multiplicity events. Most of the enhancement is found to be within 
the systematic errors in the beam Monte Carlo when uncertainties in the target pro-
duction are taken into account. The production uncertainties are briefly discussed in 
chapter 4. A CERN production model predicts -35% more events in the tail than the 
Brookhaven production model used in our Monte Carlo. 
9.3 The vJ.L Acceptance 
The event Monte Carlo is also used to calculate a weighted integrated acceptance for 
v~ events. 2000 Monte Carlo v~ events are thrown at each of 11 different energies 
ranging from 500 MeV to 5 GeV. The events are run through the same muon selection 
program used on the data, and acceptances are calculated at each energy. The beam 
Monte Carlo is used to generate the narrow band beam v~ distribution at the detector 
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and the acceptances at the 11 energies are used to weight the narrow band beam 
spectrum at each energy. By summing over the weighted spectrum one arrives at the 
integrated acceptance( fig. 9.2). The weighted integrated acceptance is 18.9 ± 1.0% for 
the 1.3 Ge V v,.. spectrum and 20.6 ± 1.0% for the 1.5 Ge V spectrum. By correcting 
the number of v,.. events for acceptance one finds that there were 6468±410 v,.. events 
in our detector during the summer and fall 1985 data runs. The event total agrees 
well with the number obtained by an independent muon analysis at Johns Hopkins 
University[18], 7104±193. 
It is important to have an accurate number of acceptance corrected v,.. and 1/11 events 
when calculating the ratio v11 jv,.. The cuts used on muon and electron events are very 
different and unless it can be proven that v,.. and 1/11 acceptances are equal one must 
rely on acceptance corrected v,.. and 1/11 values for the calculation. The vefv,.. ratio is 
discussed further in the final chapter. 
The muon event Breakdown is seen in table 9.1 
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Figure 9.2: Weighted v"' acceptance plot calculated with the Monte Carlo for all data 
and data with the topology cut. 
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Summer 1.3Ge V Fall1.3 GeV Fall1.5GeV 
AGS Trig (x106 ) 1.03 0.73 0.77 
Prot on Tgt (x1019) 1.09 0.84 1.01 
EDIT6 evts 5093 3216 4510 
Tot bckgd sub. evts 424±21.1 344±19.2 577±24.1 
Evts stopping in el. 222 203 268 
calorimeter 
Evts stopping in tor. 126 89 221 
Evts exiting toroid 96 78 94 
Free triggers 10±3.2 13±3.6 3±1.7 
Weighted intgd ac- 18.9±1.0% 18.9±1.0% 20.6±1.0% 
ceptance 
Tot acceptance cor- 2243±164 1820±140 2801±179 
rected evts 
Evts passing to pol- 355 295 443 
ogy cuts 
Tot acpt. cor. evts 2006 1667 2356 
wf top. cut 
v" evts/1016 prots 2.11±0.12 2.24±0.14 2.91±0.23 
Table 9.1: Muon analysis summary 
Chapter 10 
Electron Analysis 
Many are called but few are chosen 
10.1 Objectives 
The goals of the electron analysis are to pick out v, events from a large sample of 
data, calculate the background contained in the final set of v, events, and calculate an 
integrated acceptance for v, events so that v~-' and v, numbers can be compared. If the 
electron analysis is successful an oscillation signal appears as an excess of v, events 
above the background. That excess is exactly what we have observed. 
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10.2 Shower Event Selection 
The electron analysis starts with 13,000 EDIT6 events, and through a series of in-
termediate steps reduces the sample to 55 Ve events. The intermediate steps include 
picking out shower events from the EDIT6 data by using a shower filter program, 
cutting events with an interactive scanning program, and measuring individual events 
with an interactive event analysis program. In the course of the analysis, shower and 
electron cuts were established using various available data samples. 
The shower filter program called FINDMOD2 was written to pick out events con-
taining possible electromagnetic showers, and to reduce the EDIT6 data to a manage-
able size. FINDMOD2 reduces the EDIT6 data sample by a factor of 3.5. FINDMOD2 
doesn't contain a track finder or fitter, instead it finds the event vertex and calculates 
a hit density to distinguish showers from muons. The hit density calculation involves 
drawing a box 10 wiresx5 planes around each PDT hit, counting the number of hits 
in the box, calling this number the hit density for that hit, and averaging the hit 
densities for all the hits in an event. The 5 planes of the hit density box are 5 planes 
in the same view. Because showers have multiple hits per plane they have higher hit 
densities than muons. Other specific types of events also have high hit densities and 
must be cut in other ways. Events are cut by FINDMOD2 for the following reasons: 
1. Hit density < 4.8. The hit density is calculated for a 10 wirex5 plane box. 
2. Normalized PA/hit in X or Y view< 115 and hit density< 7.0. The normalized 
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P A/hit for a minimum ionizing track is 100. 
3. Unnormalized P A/hit in X or Y view < 100. The cut eliminates very noisy events. 
The average unnormalized P A for a minimum ionizing track is -170. 
4. Hit density in Z direct. < 3.0. It is calculated with a 3 wirex5 plane box around 
every hit. 
5. Average wire number> 60 in theY view. This is a loose fiducial cut. 
6. After a stray hit cleanup the number of hits in X or Y view ::; 3.0. 
7. Peak/hit average ::; 1.2. A muon typically has a peak/hit = 1.0. 
8. X~lectron/ X~uon > 3.0. 
Cuts 1, 2, 3, 5, 6 and 8 eliminate noise events, cuts 1, 2, 7 and 8 get rid of most muon 
and cosmic ray events, and cut 4 is designed specifically to eliminate high angle cosmic 
rays. 
Cuts 2, 7 and 8 rely on physical characteristics of electron showers that distinguish 
them from other event types. Electrons primarily lose energy through Bremsstrahlung 
radiation and pair production as is described in section 6.3. The electromagnetic 
shower causes multiple particles in PDT cells which translates to both multiple peaks 
in the FADC pulse shapes, and average PA's per wire larger than the average PA of 
a minimum ionizing track. An electromagnetic shower rapidly builds to its maximum 
after a few radiation lengths, after which it loses energy more slowly. The effect can 
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be seen in the electron test data(fig. 10.1), and is the basis for the X~zectron/X~uon cut. 
The longitudinal PA development of an event is fit to both the muon PA development 
curve, which is taken to be a constant, and the theoretical shower development curve. 
The x2 's are calculated for both fits and the ratio is taken. Though the cut seemed 
promising at first it was found that PA fluctuations destroy many of the differences 
on an event to event basis. The cut principally eliminates long muon events. 
The shower filter program was checked with 1 Ge V electron events from test data 
and was found to be 96% efficient for oo electrons and 94.5% efficient for 30° electrons. 
The EDIT6 data was eventually completely scanned and any rejected electron events 
were recovered. 
The events accepted by FINDMOD2 are further reduced by 2 consecutive scans 
using an interactive computer program. The first scan eliminates common, unwanted 
kinds of events which FINDMOD2 has trouble cutting. The kinds of events cut are 
high topology events, noise events, muons with toroid hits and high angle cosmic rays. 
The second scan reapplies the FINDMOD2 cuts to only the shower associated hits, 
and added some fiducial cuts and a new shower cut. The events are required to satisfy 
the following criteria: 
1. Normalized PA/hit in X or Y view> 115. 
2. Peak/hit > 1.2 . 
3. Angle in X or Y view ~ 45°. 
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Figure 10.1: Electron longitudinal shower development shown with A2TEST electron 
data. The distance is measured from the upstream end of the detector. 
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4. Tracklength;;::: 10 planes. 
5. The event can't enter the toroid and is totally contained in the fiducial volume. 
The fiducial volume is defined as: 
a Vertex and track end > 1 wire from detector side. 
b Projected position of track 2 planes from track end and two planes upstream 
from the vertex must be contained in the detector. 
c Vertex plane <88. 
d Last hit plane > 1. Events with hits in plane 0 or 1 are considered to have 
entered the toriods. 
e The event is considered over after 5 skipped planes, even if other hits are present 
further downstream. 
6. Number of tracks per view < 3. No deep inelastic events are accepted. 
7. At least 2 planes of doubling in either view. Doubling is defined as multiple PDT 
hits/plane. 
8. X~lectron/ X~uon < 3.0. 
The 2 scans reduce the FINDMOD2 sample by a factor of 8. 
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10.3 Electron Event Selection 
The remaining ,..,.400 events are reduced to the final electron sample using an interactive 
event measuring program that allows the user to apply electron cuts after carefully 
examining the events. The electron cuts are not designed to accept all electron events 
but rather to reject the maximum number of muon and charged current events. The 
electron cuts are listed here: 
1. Single track and single track+stub events must be ~ 15 planes long. Two track 
events must be ~ 10 planes long. A track is defined as ~ 3 hits in both views or 
;?: 5 hits in one view. Anything shorter is called a stub. 
2. E Peaks ;?: 15 in the shower maximum region(4-12 planes form the vertex). 
3. PAfplane > 3xminimum ionizing PAin shower maximum region. 
4. The PA of the vertex hit and/ or the hit in next plane downstream must be 
minimum ionizing. A non-minimum ionizing hit is defined as a skipped plane, hit 
doubling or a PA > 3x minimum ionizing. 
5. Events with a second track leaving the vertex must have that track contained. 
Cut 1 is designed to eliminate both single 1r and proton neutral current events, and 
charged current events where the muon goes off at a high angle. It may also eliminate 
any beam related noise events still surviving. Cuts 2 and 3 are based on the physical 
characteristics of electromagnetic showers previously described. They eliminate muon, 
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proton and 7r+ events. The purpose of cut 4 is to reduce 7r0 background. An electron 
can travel a few planes in our detector before it starts to shower, but a 1 from a 7r0 
decay will shower immediately. 
The electron cuts were chosen after careful examination of Lie and 1.1" Monte Carlo 
events, electron data from the SLAC test run, and muon and shower events in our 
summer 1985 data. The cuts were later checked with the 1986 BNL test run electron 
data. 
The final cut applied to the data is a timing cut. The RF structure of the beam, 
which can be seen in the electron data, is used to cut out of time events(fig. 10.2). 
Scintillator hits associated with an electron event are corrected by the Cerenkov time, 
plotted over our 5. 7 p.sec time span, and also plotted with the 12 RF buckets folded 
together(fig. 10.2 a,b). The electron events are required to have scintillator hits inside 
a 2. 7 p.sec time window that contained our 2.5p.sec beam spill. Because our data write 
clock cycle is matched to the RF time, we can fold the 12 RF buckets into 10 time 
bins(22.4nsec/bin). RF hits are contained in 4 of the 10 bins. The folded RF buckets 
are 4 bins wide because of timing jitter, the slow response of our waveshifter, and a 
finite transit time for the beam between the front and back of our detector(- 30nsecs). 
Events without scintillator hits in the 4 folded RF bins are cut. 
Approximately 20% of the electron candidates are cut because of bad timing. The 
20% included 3 of 4 free trigger events which are in the electron sample and are cut 
for being outside the 2. 7 p.sec window. One free trigger event passes all electron cuts. 
CHAPTER 10. ELECTRON ANALYSIS 
15 
z 
-~ 10 
Cf.) 
E-< 
z 
::> 
8 5 
0 
80 
2S 60 
m 
.......... 
Cf.) 
~ 40 
::> 
0 
u 
20 
0 
f-
t-
f-
I-
f-
I-
f--
t-
1-
t-
r 
1. I~( In 
0 
t-
1-
t-
f-
1-
f-
f-
!--
1-
-
-
I-
t- I I L 
0 
(a) 
hi I I. 
" 
I~ I ~~ I .I I .~ I I~ I I. ~ I I I ~ I I 
50 100 150 200 250 
FADC TIME BINS 
(b) 
I 
J I I I I I I I I I I I I 
2 4 6 8 
FOLDED FADC TIME BINS 
106 
10 
Figure 10.2: Electron event timing showing a)the beam RF structure, and b)the folded 
RF buckets. The phototubes that each Lie event should have hit have all their times 
shown. Bin = 22.4nsec 
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Together the electron and timing cuts reduce the contained shower sample by a 
factor of 7.5, and leave a total of 57 electron events. A summary of the electron 
analysis reduction is found in table 10.1. 
Summer 1.3Ge V Fall1.3 GeV Falll.S GeV 
EDIT6 Total 5093 3217 4511 
Shower filter acptd. 1129 800 1259 
events 
Hand scan & fid. cuts 144 99 183 
acptd. events 
Elec. & timing cuts 18 14 23 
acptd. events 
Quasi-elastic events 10 7 14 
Table 10.1: Number of accepted events at each stage of the electron analysis 
The whole electron selection process was checked by scanning all of the rejected 
EDIT6 events and searching for electron events. Only two electron events were recov-
ered from the FINDMOD2 rejected sample, which translates to a 97% acceptance of 
all electron events by FINDMOD2. The efficiency is in agreement with the number 
obtained when FINDMOD2 is run on electron test data. 
The efficiencies of the electron cuts are tested using electron test run data at different 
energies, and both Ve and v"' Monte Carlo events. The electron cut rejection rate is 
large for low energy electron test run events. The cuts reject 44% of the 0° 1 GeV 
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electron events, and 33% of the 1 Ge V events at 30°. Over 90% of the rejected events 
are eliminated by the electron P A cut, cut 3. The cut rejection rate as a function 
of energy is measured with the test data, and is shown to decrease with increasing 
energy(fig. 10.3). Both the shower and electron cuts were applied to 10,000 charged 
current Monte Carlo v,. events and only -0.1% of the events were accepted as electrons. 
The low acceptance is important to background rejection. 
10.4 The lie Spectrum 
The Ve spectrum is created by determining the normalized total pulse area of the 
electron, translating the total PA to an electron energy using a calibration constant, 
and using the electron energy and angle to reconstruct the Ve energy of each event. 
The kinematic equation 6.7 is discussed in section 6.3. The PDT pulse areas are 
normalized using a P A calibration table that contains a normalization constant for 
every PDT wire during every run. The PA normalization procedure is described in 
detail in the Detector Analysis chapter. The calibration number that translates the 
electron total P A to an energy was found using test run data, and is discussed in the 
Test Run chapter. 
One problem encountered in creating the Ve spectrum is separating quasi-elastic 
from single 11" production events. An attempt is made to distinguish the two event 
types. Two spectra are made, one containing all Ve events and another only quasi-
elastic Ve events. HaVe event satisfied the following topological criteria in either view, 
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it is identified as a single 1r event: 
• 2 tracks and one stub 
• 1 track and a second shower 
• 1 track and 2 stubs 
The definitions of a track and a stub are found in the list of shower event cuts. Events 
identified as .6. production events use the electron version of equation 6.8 for l/8 energy 
reconstruction. The 2 energy spectra are shown in figure 10.4. There are 31 events 
identified as quasi-elastic in the electron data sample. 
Angular distributions and vertex distributions of the Ve events are plotted in figures 
10.5, 10.6, as a check. The vertex distribution shows no evidence of events entering 
from outside the detector, and the angular distribution agrees well with the Monte 
Carlo predicted V 8 event angular distribution. To obtain the Monte Carlo predicted Ve 
angular distribution, 10,000 quasi-elastic Ve events are generated by the Monte Carlo 
with the energy distribution of the 1.3 Ge V v"' spectrum. The events are reduced by 
FINDMOD2, selected by a program that required clean vertex events, and analyzed 
with the electron cuts. The remaining events are weighted according to their Ve energy 
with the energy spectrum of the real data, and a weighted angular distribution is 
created. 
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10.5 The lie Acceptance 
The integrated Ve acceptance must be calculated in order to obtain a meaningful Ve/V~ 
value. The acceptance is calculated using a method of weighting the spectrum which 
is very similar to the one used in the v~ acceptance calculation. A second acceptance 
calculation method involving both the Monte Carlo and the electron test data is also 
done as a check, and the two results agree well. 
The weighted integrated acceptance is calculated using the Monte Carlo by throwing 
-2400 v. events in an energy range of 400 MeV-3.0 GeV, filtering the events through 
all the shower and electron cuts, and calculating the acceptance for v. events in energy 
bins 400 MeV wide. The expected Ve spectrum at the detector is then generated with 
the Monte Carlo, and the acceptances are used as weights at each spectrum energy 
to calculate the integrated acceptance. One drawback of the integrated acceptance 
calculation is that the expected Ve spectrum at our detector isn't known exactly be-
cause its shape is that of the v~ spectrum modulated by the oscillation. The effect of 
the oscillation on the spectrum's shape is unknown. For the acceptance calculation an 
unmodified v~ spectrum is assumed. The weighted integrated acceptance is 18. 7%±2% 
for the 1.3 Ge V Ve spectrum and 23.9%±2% for the 1.5 Ge V spectrum. The combined 
number normalized to the amount of data in the 2 event samples is 20.8%±2%. The 
error is an estimated systematic error based on uncertainties in the calculation. 
An attempt is made to calculate the integrated Ve acceptance without relying so 
heavily on the event Monte Carlo. In the second method the Monte Carlo is only used 
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to find the efficiencies of the angle and fiducial cuts. All the electron cuts have their 
efficiencies calculated using electron test data with a wide range of energies. The cut 
efficiencies at each energy are combined, acceptances for each energy are calculated, 
and the acceptances are used to weight the V 8 spectrum in the same way as in the 
previous calculation. A problem with the method is that the useful electron test data 
is all at 0°, and it is certain that the electron cut efficiencies change with angle. The 
comparison of the results of the two methods is seen in figure 10.7. 
10.6 Ve Background Calculation 
There are many sources of background that can contribute to our Vc event candidates, 
and each must be carefully calculated before a V 8 excess can be claimed. Five sources of 
Vc background have been examined. They are V 8 contamination in the beam, misiden-
tified charge current v" events, neutral current v" events that may contain ?r0 's, out 
of time accidentals that look like v8 's, and coherent ?r0 events. 
The Vc beam contamination background is found by using the beam Monte Carlo 
to generate events with the predicted background spectrum, having the event MC 
generate events with that spectrum, and running the events through the shower and 
electron cuts. 1000 Vc events are thrown with the calculated 1.3 Ge V beam background 
spectrum. 470 Ve MC events are analyzed and 112 are kept which is a 23.8%±2.3% 
acceptance. The beam Monte Carlo predicts that the total Ve integrated flux is 0.8% 
of the v" flux which translates to 13.1± ~:: events from V 8 beam background. The error 
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is based on the estimated uncertainty of the V8/v~ flux. The V8Jv~ flux is the key to 
the calculation of the v. beam background, and as discussed in the Beam chapter we 
believe the ratio is known within the quoted error. 
The v~ charged current background is calculated by throwing 10,000 MC v~ quasi-
elastic and single 71' events with the 1.3 Ge V spectrum, and reducing the sample with 
the shower and electron cuts. Only 4/10000 events passed all cuts. Because the event 
Monte Carlo is known to do a poor job with the muon FADC pulse shapes, events 
that have only been rejected by the peak cuts are reexamined. An additional 6/8000 
events are kept. When the total number of events is normalized to the 6864 acceptance 
corrected v~ events, the background contribution of this component becomes 8.7±2.8 
events, where the error is an estimated systematic error based on uncertainties in the 
event Monte Carlo. All of the events in this background sample contain 71'0 's, and 
many of them are identified as .!l production events because a second shower is seen 
in the event. The second shower is the other ""( in the 71'0 decay. The average actual 
energy of the misidentified v~ events is -1.4GeV. 
Real data is used to estimate the v~ neutral current contribution to the background. 
The summer 1985 EDIT3 data, which had been scanned at the University of Illinois, 
is used to create a sample of v~N ~ p.7r0 X events. The events are analyzed using 
the electron cuts assuming that the muon isn't present. Out of 68 events analyzed, 8 
events are accepted. Normalizing the number to the total event sample and the neutral 
current cross section yields a background of 4.8±2.0 events. The error is estimated 
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from the number of J.1.7r 0 events believed to be in the EDIT3 data but mistakenly left 
out of the sample of 68 events. We believe that the method discussed above gives us 
a good understanding of the neutral current background. 
The background from accidentals is also calculated from real data. Events that 
pass all the electron cuts but fail the time cuts are examined, and a sample of 8 events 
is obtained. Events that fail the time cuts because of bad Cerenkov times, or because 
they came in near t=O or t=255 clock tics aren't included in the sample. The folded 
RF buckets form 20% of the 256 time bins, while the 8 out of time events are spread 
over the other 80% of the time. By assuming the 8 events are spread isotropically 
in our time window, one can calculate that 2.5 events inside our folded RF bucket 
are accidentals. Since the out of time background component is measured directly, no 
systematic error is assigned to the number. 
The coherent 7r0 background is calculated from a Monte Carlo based on a computer 
program by Rein and Sehgal[19]. The coherent 7r0 interaction is vJI => vJ/1r0 where 
Jl is a complex nucleus. The event MC was interfaced with the Rein and Sehgal 
program and the viA spectrum generator from our beam MC. 1000 coherent 7r0 events 
are generated with the 1.3 GeV viA spectrum, and are run through the shower and 
electron cuts. 18/1000 events are accepted which can be converted to a background 
of 2.5±0.6 events when the 2% coherent 7r0 cross section is assumed. The systematic 
error is an estimate. 
The total background spectra for all events, and the quasi-elastic events alone, are 
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shown together with the Ve data spectra in figures 10.8 and 10.9. The spectrum of 
each background component is shown in figure 10.10. A summary of the background 
components is in table 10.2. The "Size of Effect" quoted in the table is obtained by 
adding the statistical and systematic errors in quadrature and comparing the number 
with the events above background. 
The theoretical shape of the Ve spectrum is calculated with the MC and compared 
to the actual spectrum. The Monte Carlo is used to create the 1.3 Ge V and 1.5 Ge V 
spectra, which are normalized with respect to the total number of v, data events 
and added together. The composite spectrum is adjusted according to the differential 
acceptance that has been obtained with the methods previously described. Next the 
spectrum is smeared using the 18%/YE electron energy resolution determined from 
the test run data. The smeared spectrum has its area normalized to the number of 
Ve data events above background, the calculated background spectrum is added to it, 
and the resulting spectrum is compared to the real v. data spectrum. The calculation 
is performed for the total V 8 events and the quasi-elastic V 8 spectrum (fig. 10.11). 
Though the two spectra differ, their differences can be accounted for by inadequacies 
in the beam and event Monte Carlo, limitations of the background calculation and low 
statistics in the data spectrum. 
The theoretical Monte Carlo spectrum is also compared to a Ve data spectrum which 
uses the total number of peaks for event energy determination rather than the total 
pulse area. The electron energy calibration from the event peak total was obtained 
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All Lis Events Quasi-elastic Lis Events 
#Events< 5.0 Ge V 54 30 
Total # of Events 55 31 
# Background Events 31.6±5.6 ± ::: 15.6±3.8 ± ~:! 
Lis Beam Cont. 13.1±~:: 7.6±~:: 
v,.. C.C. Bckgnd 8.7±2.8 3.7±1.9 
v,.. N.C. Bckgnd 4.8±2.0 1.8±1.0 
Coherent 1r0 Bckgnd 2.5±0.6 1.5±0.5 
Out of Time Evts 2.5 1.0 
# Evts above Bck- 22.4±5.6 ± ::: 14.4±3.8 ± ~:~ 
gnd 
Size of Effect 3.10' 3.10' 
Table 10.2: Summary of the Lis events, the errors and the backgrounds 
from electron test data (fig. 11.3). Both a total Lis spectrum and a quasi-elastic 
Lis spectrum are generated in this way. The 2 new spectra compare very well with 
the Monte Carlo spectra(fig. 10.12), and indicate a possible systematic error in the 
electron energy calibration. 
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Chapter 11 
· The Test Run 
A long pull, and a strong pull, and a pull all together 
In June of 1986 a scaled down version of our electron calorimeter was built and put 
in an electron test beam at BNL called the A2TEST beam. The purpose of the run 
was to observe and study electron events in a detector very similar to our own. We 
ran for one month and took electron data in energies ranging from 300 MeV to 4.0 
Gev, and with the test detector set at both 0° and 30° to the beam. Our test detector 
also took 1r, p, and stopping J.1. data. 
Using the test data we are able to measure our electron energy resolution, test the 
electron PA vs. energy and peak total vs. energy response of the detector, and study 
electron P A vs. angle effects in the detector. The test data is also used to perform an 
electron energy calibration which we need to obtain the absolute energy of electrons 
in our main detector, and to check the electron generator in our Monte Carlo against 
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real data. Many other useful analyses are also performed with the data. 
11.1 The Test Detector 
The detector consists of 40 planes of 4' PDT's interleaved with 1" thick slabs of con-
crete, and two 50" x 50" pieces of acrylic scintillator contained in aluminum support 
structures(fig. 11.1). The PDT's are identical to those in the main detector. The two 
scintillator planes, which are located in the middle and at the downstream end of the 
test detector, were used to trigger on cosmic rays. The 12' long detector is built in 
two, 20 plane pieces which are held together by two steel frames that could be joined 
and wheeled into and out of the beam. The whole detector can be rotated so that it 
is oriented 30° to the beamline, and data at a different incident angle can be taken. 
The electronic readout and data taking of the test detector is the same as the main 
detector. While data was being taken 3 types of triggers were used, a ·beam trigger, a 
cosmic ray trigger and an AGS muon trigger which selected AGS beam related muons 
going through the detector. The cosmic ray data taken was used for offline detector 
diagnostics and PDT calibration, as it had been in the main detector. 
Instrumentation was placed in our beamline that enabled us to trigger on the par-
ticles we wanted and to veto most of the others(fig. 11.2). Upstream of the test 
detector were 2 nitrogen filled Cerenkov counters(C1,C2), and 2 time of flight scintil-
lation counters separated by 26'. Two small counters(B1,B2) containing 1" diameter 
pieces of scintillator were located just upstream of the detector, and were sometimes 
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used in the trigger to tightly fix the beam position. The 2 TOF counters, S1 and 
82, were made of 2" x 4" x 1/8" pieces of high quality Bicron scintillator with a fast 
Hanamatsu phototube on each end. 
The typical trigger used for taking electron data was S1W · S2(C1+C2), where 
S1 W is the S1 signal delayed to put the electrons passing through S1 and S2 in time 
with one another. Four veto counters were arranged with a 2" opening for the beam, 
and placed just upstream of the detector. In the standard data taking mode the veto 
counters were out of the hardware trigger, instead their signals were written to tape 
and used in software cuts during data analysis. 
Many important features of detector performance are measured with the electron 
data. The relationship between electron total pulse area and energy is analyzed with 
the test data, and found to be linear up to 3 GeV(fig. 11.3). The total number of peaks 
in the F ADC information of an electron event is also plotted verses event energy, and 
found to be linear up to 2 GeV(fig. 11.4). The average total PA/event is measured 
with the detector at both 0° and 30° to the beam, and the two values are found to 
be the same. The fact that the electron P A response in our detector is constant to 
at least an angle of 30° makes the job of Ve energy reconstruction much easier. The 
test data is also used to calculate our electron energy resolution, and it is found to be 
,... 18%/../E (fig.11.5 ). 
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Figure 11.3: Normalized average total pulse area for A2TEST electrons vs. electron 
energy. 
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Figure 11.4: Normalized average FADC peak total for A2TEST electrons vs.electron 
energy. 
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Figure 11.5: (0' of electron energy distribution)/E112 vs. A2TEST electron energy 
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11.2 P A Normalization in the Test Detector 
A pulse area normalization table was created for the A2TEST detector. The purpose of 
the table is to allow comparisons between PA's in the test detector and main detector, 
and to enable the use of normalized pulse areas in the electron test data analysis, 
particularly the electron energy calibration. 
The A2TEST P A normalization table was created in the same way as the table for 
the main detector. The cosmic ray events are stripped from the data tapes, packed 
into summary tapes, and run through programs identical to those used for the main 
detector analysis. The cuts used on the A2TEST cosmic ray tracks are also the ones 
used in the main detector analysis. As before, 3 sets of normalization data form the 
normalization table. 
As a check the table is combined with the cosmic ray data to calculate a normalized 
P A for each run. The plot of P A verses run is fiat(fig. 11.6). The same calculations 
are repeated with the cuts turned off one at a time. This is the same procedure as the 
one used in the main detector PA normalization calculation. Again the P A's come 
out fiat over all the runs. 
One interesting effect observed in the A2TEST P A's is that 
PA PA 
-----:-- > ---Xplane Yplane (11.1) 
just as it is in the main detector. No satisfactory explanation has been found for this 
effect. 
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Figure 11.6: Normalized P A/run for all A2TEST runs calculated with cosmic ray 
events. Various cuts are removed from the PA averaging program. Crnr cut means no 
double hit cut. Dbht cut means no corner cut. No other cuts were significant. 
CHAPTER 11. THE TEST RUN 136 
11.3 Absolute Electron Energy Calibration 
The ability to translate the total P A of an electron event into the electron's energy is 
crucial to our analysis. The A2TEST electron data, along with the P A normalization 
tables of the main and test detectors, are used to get the absolute electron energy 
calibration. In order to compare the normalization tables of the 2 detectors we use 
stopping muon data in the test detector and stopping cosmic rays in the main detec-
tor. The stopping p.'s were accumulated by putting a piece of steel in the test beam 
upstream of our detector and setting up an appropriate trigger. The stopping cosmic 
rays in the main detector are stripped off the packed cosmic ray data tapes. A sample 
of stopping cosmic rays had already been obtained for use in the cosmic ray-1 GeV 
muon correction analysis discussed in section 8.2. The A2TEST stopping p.'s are at 
oo, while the stopping cosmic ray data is scanned by hand to select events as close 
to 0° as possible. The 2 data samples are run through a program that corrected the 
P A of each PDT hit by using the appropriate normalization table, and calculated a 
P A/hit for the 2 sets of data. 
The 2 sets of data are analyzed using the following cuts: 
1. The last 5 planes in the track are ignored. This avoids the large energy losses at 
the end of a track. 
2. A loose noise cut. 
3. No angular correction of pulse areas. 
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4. No corner cut. 
5. No double hit cut. The track can go through the chamber webbing. 
The stopping muon sample was originally cleaned up with 2 additional requirements: 
6. Event length > 15 planes and < 35 planes. 
'1. Number of hits/event > 10 and< 40. 
The results of the analysis are in table 11.1. 
Main Det. Stopping C.R. 'S Test Det. Stopping p.'s 
PAz 80.1 76.2 
PA11 80.4 78.4 
O'z 1.73 0.81 
0'11 1.66 0.94 
Table 11.1: P A's in X and Y planes obtained from stopping cosmic rays in main det. 
and stopping muons in test det. 
The slightly higher PA averages for the cosmic ray events are probably due to the 
fact that the stopping cosmic rays are all at a small, but non-zero, angle, while the 
stopping muons are actually at 0°. A total average angle of 15° in the cosmic· ray 
events would completely account for the 4% difference between the P A averages in the 
2 detectors. 
The results of the analysis indicate that the A2TEST and main detector P A nor-
malization tables corrected the pulse areas in both detectors to the same values. Using 
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this fact we can calculate the electron energy calibration from the total P A vs. electron 
energy plot(:fig.11.3 ). The plot is obtained by taking test electron data at different 
energies, cutting events with the veto counters hit, requiring no doubling in the first 2 
detector planes, and finding the normalized total P A for each event. The normalized 
total P A at each energy is plotted. The slope of the line in the linear region from 
600 Mev to 3.0 Gev is 5750± 1~:. The error is an estimated systematic error which is 
much larger that the statistical error. The slope translates to 176 KeV /PA count in 
an electron event.This is the value used in reconstructing our v. spectrum. 
Chapter 12 
Conclusion 
We'll tak' the cup of kindness yet to the days of auld lang syne 
The goals of the analysis are to calculate the Ve event excess in our data, and 
to find the value of R = Ve/viA which indicates the allowed Am2-sin2 20 neutrino 
oscillation region. The electron excess is discussed in the Electron Analysis chapter 
and is summarized in table 12.1 The effect size is calculated by adding the systematic 
Total Above Bckgrnd Size of Effect 
All Ve events 22.4±5.6 ± ::: 3.140' 
Quasi-elastic Ve evts 14.4±3.8 ± ~:! 3.090' 
Table 12.1: Summary of Ve events seen above background in our detector 
and statistical errors in quadrature. 
The value of R is calculated using the acceptance corrected number of Ve and viA 
events in our data. The acceptance corrected total given in table 9.1 of the Muon 
139 
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Analysis chapter is 6029 v"' events. The acceptance corrected v"' value is taken from 
an analysis that uses a hit density cut to eliminate high multiplicity events from the v"' 
sample, and subsequently yields a spectrum which closely matches the Monte Carlo. 
The V 4 acceptance corrected number is calculated using the total number of V 4 events 
above background and the weighted integrated acceptance described in section 10.5. 
Combining the V 4 integrated acceptance of 20.8% ± 2% with the V 4 event total above 
background one calculates 107.7 acceptance corrected V 4 events. 
Two small correction factors must also be considered in the calculation of R. The 
v"' analysis cut 1.7% of the data runs because the toroid chamber's power supplies 
were off while V 4 events were accepted in those runs. Also the v"' acceptance corrected 
number gets 4.5% of its total from events with Ev > 5 GeV while the number of v, 
events is quoted for events with energies < 5 GeV. Combining the 2 small factors with 
the v, and v"' numbers already given one can calculate 
v, R = - = 0.0184 ± .0085 
VI' 
(12.1) 
The error on R is calculated by propagating the errors on each parameter in the 
following equation 
(12.2) 
By using the value of R and its error one can calculate the ~m2-sin2 20 band where 
neutrino mixing and mass differences are allowed, assuming our V 4 event excess is due 
to a neutrino oscillation(fig.12.1). The allowed oscillation region can be compared to 
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Figure 12.1: Neutrino oscillation ~m2-sin2 28 region allowed by our experiment. The 
band is determined by the measured value of R. and is one u wide. 
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limits set by other experiments(fig.12.2)[20]. 
The regions disallowed by other experiments are to the right of each line whereas 
our allowed region is inside the band shown. The plot shows that there is an area 
allowed by our experiment that hasn't been ruled out by previous experiments. 
Our experiment is designed so that a neutrino oscillation signal appears as both 
an excess number of v, events above background, and a v, spectrum with a shape 
similar to the viA spectrum. The Electron Analysis chapter states that our v, excess is 
approximately 3 standard deviations and that the v, energy spectrum matches the v, 
spectrum expected from an oscillation within the systematic error. Additionally, the 
value of R we obtained has an allowed region that is not ruled out by other experiments. 
Even with these facts we cannot conclusively state that we have observed a neutrino 
oscillation. The systematic errors associated with the calculation of the v, excess and 
the v, spectrum are large, and may have been underestimated. The v, background 
calculations rely heavily on Monte Carlo programs that are evolving and improving. 
The Monte Carlo programs have been tested thoroughly but will be examined in even 
more detail in the future. As long as our experiment relies on Monte Carlo programs to 
calculate backgrounds it is not possible to be definitive on the source of the excess. A 
second experiment with an identical detector located upstream of the present detector 
would remove our reliance on the Monte Carlo for the v. background calculation. 
Building a second detector seems to be the logical course of action. 
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Figure 12.2: Neutrino oscillation 6.m2-sin2 20 limits set by other experiments. The 
regions excluded by the experiments are to the right of the lines. The region allowed 
by. our experiment is cross hatched. 
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